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PREFACE 


The  transport  of  ions  and  molecules  across  the  eukaryote  cell  membrane  has 
been  the  subject  of  intense  investigation  for  the  last  several  decades.  Starting 
immediately  after  World  War  II,  electrophysiologic  and  radioisotopic 
methodologies  were  combined  to  describe  many  ion  transport  processes  in 
model  epithelia  and  a  few  nonepithelial  cells.  The  biochemical  characteriza¬ 
tion  of  transport  systems  was  ushered  in  during  the  late  1 950s  by  the  meticu¬ 
lous  enzymology  of  Jens  Skou  and  his  collaborators  in  describing  the  (Na*  + 
K ^-activated  ATPase.  Confirmation  of  the  Na\  K+-ATPase  as  the  func¬ 
tional  active  transport  system  for  Na+  and  K+  substantiated  the  idea  that 
membrane  transport  processes  may  be  carried  out  by  integral  membrane 
proteins  that  are  under  the  direct  genetic  control  of  the  cell.  A  view  of  the 
cell  membrane  as  a  dynamic  cell  organelle  began  to  emerge  in  the  late  1960s; 
this  resulted,  in  large  part,  from  the  biophysical  studies  of  the  cell  surface  of 
immunocytes.  Not  only  could  membrane  proteins  move  laterally  in  the  “sea 
of  lipid,”  but  also  they  could  be  inserted  or  removed  as  needed.  Armed  with 
this  new  concept  of  the  dynamic  and  regulated  cell  membrane,  cell  biologists 
and  physiologists  conducted  studies  on  the  regulation  of  a  variety  of  trans¬ 
port  processes  as  a  function  of  cell  cycle,  growth  phase,  malignant  transfor¬ 
mation,  hormone  treatment,  substrate  limitation,  or  other  growth  condi¬ 
tions.  During  the  last  decade,  as  these  physiological  studies  have  proceeded, 
molecular  biologists  have  provided  both  the  experimental  tools  for  more 
elegant  dissection  of  these  regulatory  processes  and  the  model  of  membrane 
biogenesis  from  which  to  derive  the  principles  of  regulation.  Thus  today  we 
are  in  the  advantageous  position  of  recognizing  a  variety  of  situations  in 
which  transport  processes  are  regulated  and  of  having  the  capability,  in 
many  cases,  to  study  the  mechanisms  of  the  regulatory  process. 

The  current  model  of  membrane  biogenesis  provides  the  paradigm  on 
which  most  of  the  studies  on  the  regulation  of  membrane  transport  systems 
are  based.  The  general  scheme  describes  the  translation  of  messenger  RNA 
and  insertion  of  the  polypeptide  into  the  membrane  of  the  endoplasmic  retic¬ 
ulum.  After  posttranslational  modifications  (e.g.,  glycosylation)  in  the  golgi 
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apparatus,  small  vesicles  that  contain  the  transmembrane  protein  are  liber¬ 
ated  into  the  cytoplasm.  The  membrane  protein  can  then  be  inserted  into  the 
cell  membrane  with  the  proper  orientation  by  exocytotic  fusion  of  the  vesi¬ 
cle.  Once  emplaced  in  the  cell  membrane,  the  transport  protein  may  undergo 
further  alterations,  such  as  oligimerization  or  covalent  modification,  to  regu¬ 
late  its  activity.  In  this  in  situ  modification  of  the  membrane  transport  sys¬ 
tems,  the  cytoplasmic  modulators,  such  as  cyclic  nucleotides,  prostaglan¬ 
dins,  calcium/calmodulin,  and  kinase/phosphatase,  may  play  a  role.  Within 
this  scheme  describing  the  biogenesis  of  a  membrane  transport  system,  there 
are  three  levels  that  may  be  regulated:  (1)  gene  expression  leading  to  synthe¬ 
sis  of  the  membrane  protein,  from  transcription  through  posttranslational 
modification;  (2)  insertion  and  removal  of  membrane  vesicles  containing  the 
transport  system;  (3)  in  situ  modification  of  the  transport  system  in  the  cell 
membrane.  Each  of  these  forms  of  regulation  is  addressed  by  several  chap¬ 
ters  in  this  book. 

The  symposium  from  which  this  book  derives  was  organized  to  give  a 
state-of-the-art  assessment  of  the  various  types  of  regulation  of  transport 
systems.  Participants  from  a  variety  of  disciplines — physiology,  biochemis¬ 
try,  genetics,  and  pharmacology — were  invited  to  provide  a  diversity  of 
approach  and  viewpoint  that  stimulates  the  cross-fertilization  of  ideas.  The 
contributions  dealt  with  regulatory  processes  evoked  by  two  kinds  of  stim¬ 
uli;  (1)  external  stimuli,  such  as  hormones  or  substrate  limitation;  (2)  the 
internal  stimulus  of  genetically  programmed  development.  But  the  central 
theme  of  the  meeting  was  to  proceed  from  the  physiological  observations 
toward  a  more  biochemical  understanding  of  the  mechanisms  involved  in 
regulation.  Toward  this  goal,  the  question  of  which  of  the  three  forms  of 
regulation  described  is(are)  operative  was  the  most  commonly  asked  and 
answered.  Therefore,  many  of  the  chapters  in  this  volume  describe  the  regu¬ 
lation  of  a  transport  system  that  falls  within  one  or  more  of  these  general 
categories. 

As  is  the  nature  of  scientific  inquiry,  this  collective  contribution  poses  as 
many  new  questions  as  it  answers  old  ones.  Many  of  these  new  questions  are 
both  intriguing  and  addressable  with  current  methodologies.  For  example,  a 
fundamental  question  results  from  the  studies  on  the  stimulus-evoked  fusion 
of  cytoplasmic  vesicles:  Do  these  vesicles  contain  unique  subsets  of  mem¬ 
brane  proteins,  and,  if  so,  how  is  the  appropriate  subpopulation  of  vesicles 
recruited  for  fusion  in  response  to  the  specific  stimulus?  Also,  a  question 
that  underlies  such  studies  with  epithelial  tissues  concerns  the  mechanism(s) 
utilized  by  epithelial  cells  to  generate  the  asymmetric  distribution  of  mem¬ 
brane  proteins.  Thus  we  hope  that  the  reader  will  find  this  volume  to  be  not 
only  a  source  of  valuable  information  but  also  a  stimulus  in  framing  the 
important  questions  that  will  guide  future  studies. 

The  organization  of  the  symposium  and  the  preparation  of  this  book  re¬ 
quired  the  assistance  of  many  individuals,  but  I  must  acknowledge  the  three 
who  played  the  most  substantive  roles.  I  am  grateful  to  John  Cook  for  his 
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collaboration  during  the  early  stages  of  selecting  the  topics  and  contributors. 
Isidore  Edelman  and  Phillip  Knauf  were  invaluable  consultants  throughout 
the  organizational  process.  The  Society  gratefully  acknowledges  financial 
assistance  from  the  National  Science  Foundation,  the  National  Institutes  of 
Health,  and  the  Air  Force  Office  of  Scientific  Research. 

James  S.  Graves 

Charleston,  South  Carolina 
August  1984 
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KFGUIAHON  OF  'IHKNOVKK  OF  Na  \  K  -ATPasi;  IN  ClILinHKIJ  CELLS 


A  recurring  theme  of  this  book  is  the  dynamic  state  of  cell  surface  mem¬ 
branes.  It  was  shown  a  number  of  years  ago  (30)  that  in  certain  cell  types 
fluid-phase  endocytosis  occurred  at  a  rate  that  internalized,  in  times  on  the 
order  of  one  hour,  an  amount  of  surface  membrane  equivalent  in  area  to  the 
entire  cell  surface.  Since  this  far  exceeded  the  rate  of  membrane  biogenesis, 
it  followed  that  much  of  the  surface  must  be  recycled  intact.  Direct  morpho¬ 
logical  as  well  as  biochemical  demonstrations  of  membrane  externalization 
from  the  phagolysosomal  compartment  followed  (e.g.,  refs.  23,  29).  It  is  now 
apparent  that  the  cell  surface  in  many  cell  types  is  in  continuous  exchange 
with  an  internal  membrane  pool  and  that,  as  shown  elsewhere  in  this  sympo¬ 
sium  (see  Chapter  3  by  Simpson  et  a!.;  Chapter  13  by  Resh  and  Guidotti;  and 
Chapter  9  by  AI-Awqati)  certain  physiological  stimuli  may  induce  the  fusion 
of  vesicles  from  this  pool  with  the  surface  and  thus  rapidly  elevate  the  cells’ 
transport  capacity  by  the  insertion  of  reserve  transporter^  into  functional 
location. 


1.  MEMBRANE  RECYCLING  IN  HeLa  and  HTC  CELLS 

In  the  unstimulated  steady  state,  recycling  may  be  observed  in  more  than 
one  kinetically  identifiable  compartment.  When  fluid-phase  endocytosis  is 
measured  in  HeLa  cells  by  the  uptake  of  tracer  sucrose  or  insulin,  the 
subsequent  loss  of  label  follows  two-component  kinetics  (Fig.  1.1:  see  also 


Figwe  1,1.  Release  of  [l4Clsucrose,  a  fluid-phase  endocytosis  marker,  from  HeLa  cells  labeled 
for  different  time  periods.  Error  bars  are  ±  one  S.D.  Cells  in  the  left-hand  panel  were  labeled  for 
2  h,  those  on  the  right-hand  panel  for  IS  h.  Control  experiments  showed  that  the  fast  component 
CF  was  not  due  to  surface  binding.  The  half-times  for  both  CF  and  the  slow  component  C,  were 
the  same  in  all  cases,  but  the  relative  compartment  size  for  Cf  became  progressively  smaller 
with  time  of  uptake  [32%  after  2  h  loading;  21%  after  IS  h;  and  (not  shown)  10%  after  48  hi  From 
ref.  5. 


I.  MEMBRANE  RECYCLING  IN  HoLa  AND  HTC  CELLS 


ref.  2).  The  first  component  has  a  half-time  of  about  50  min,  and  is  a  progres¬ 
sively  smaller  fraction  of  the  total  intracellular  label  as  the  time  allowed  for 
uptake  is  increased.  The  second  component  has  a  half-time  of  60-120  h.  The 
kinetic  properties  of  this  component  are  identical  with  the  exocytosis  of 
internalized  ouabain  which,  on  being  cleared  from  the  cell  surface,  is  taken 
up  exclusively  into  the  lysosomal  compartment  (8).  Our  preliminary  inter¬ 
pretation  of  these  results  is  that  the  marker  is  taken  up  in  about  equal 
amounts  into  two  compartments.  One  compartment  recycles  to  the  cell  sur¬ 
face  with  the  50-min  half-time  and  releases  its  contents.  This  compartment  is 
relatively  small  and  becomes  loaded  to  its  steady-state  level  in  a  relatively 
short  time  period.  The  second  compartment  feeds  into  the  lysosomes.  This 
compartment  continues  loading  for  many  hours  (5).  Hence  the  first  compart¬ 
ment  becomes  a  progressively  smaller  fraction  of  the  total.  Where  the  path¬ 
ways  for  labeling  these  compartments  diverge  is  not  known.  It  may  be  at  the 
cell  surface  in  the  formation  of  different  classes  of  endosomes  or  at  some 
later,  but  prelysosomal,  step  in  endocytosis.  The  important  factor  for  this 
discussion  is  the  recycling.  The  nature  of  the  surface  membrane  involved  is 
not  known. 

A  somewhat  slower  recycling  can  also  be  demonstrated  by  a  biochemical 
label.  In  these  experiments  (12)  we  modified  a  labeling  technique  described 
by  Van  Lenten  and  Ashwell  (31).  Following  periodate  oxidation  in  intact 
cells,  [3H]borohydride  reduction  labels  terminal  sialic  acids  on  surface  gly- 
coconjugates  (Fig.  1.2).  The  nine-carbon  sialic  acid  is  thus  converted  to  a 
seven-carbon  derivative,  AcNeu7,  which  remains  susceptible  to  cleavage 


HCOH 


AcNeu' 


Figne  1.2.  Labeling  of  terminal  sialic  acid  by  the  Van  Lenten  and  Ashwell  (31)  technique.  The 
exocyclic  triol  is  cleaved  by  NaI04,  and  subsequent  reduction  with  NaB[5H]4  introduces  a 
tritium  label.  The  resulting  I'H]5-acetamido-3,5-dideoxy-L-arabino-heptuIosonic  acid,  AcNeu7, 
is  the  major  reaction  product.  As  a  terminal  sugar  on  sialogly coconjugates  it  remains  sensitive 
to  neuraminidase,  but  as  a  monomeric  sugar  it  is  not  reutilizable  by  the  cells.  Modified  from 
ref.  31. 
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from  the  glycoconjugate  by  neuraminidase.  Otherwise  AcNeu7  does  not 
seem  to  be  utilizable  by  the  cells.  We  have  grown  cells  in  the  presence  of 
monomeric  [3H]AcNeu7  for  extended  periods.  The  heptulosonic  acid  is 
taken  up  by  the  cells  but  is  not  metabolized,  nor  is  it  ever  detectable  in  an 
acid-precipitable  form,  that  is,  it  is  not  incorporated  into  glycoconjugates. 

When  cell-surface  sialoglycoconjugates  are  labeled  in  this  way,  the  label 
is  subsequently  lost  from  the  cells  with  a  complex  time  course  (Fig.  1.3 A). 
The  pattern  is  very  similar,  although  the  absolute  numbers  are  different,  for 
both  rat  hepatoma  cells  (HTC)  and  the  human  line  HeLa.  The  rapid  phase 
includes  some  shedding  from  the  surface  as  well  as  some  fast  turnover.  The 
slow  phase,  with  half-times  of  approximately  100  h,  corresponds  to  the  slow 
phase  of  membrane  turnover  observed  in  many  laboratories  (11,  16). 

The  label  remaining  on  the  cell  surface  is  sensitive  to  removal  by  added 
extracellular  neuraminidase.  With  time,  the  fraction  of  cell-associated  radio¬ 
activity  that  can  be  removed  this  way  falls  from  about  90%  immediately  after 
labeling  to  about  30%  and  then  remains  constant  at  this  lower  value  (Fig. 


F» |*n  U.  Cell-associated  radioactivity  in  [3H]AcNeu7  and  its  sensitivity  to  removal  by  extra¬ 
cellular  neuraminidase.  HeLa  or  HTC  cells  were  labeled  at  time  =0  by  the  technique  outlined  in 
Figure  1.2  and  returned  to  their  growth  medium.  At  intervals  thereafter  the  cells  were  assayed 
for  total  radioactivity  (panel  A)  and  the  fraction  of  that  total  radioactivity  that  could  be  removed 
by  extracellular  neuraminidase  (panel  B).  From  ref.  12. 
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I.3B).  We  reasoned  that  this  decrease  represented  the  internalization  of  the 
label,  whereas  the  stabilization  of  the  neuraminidase-sensitive  fraction  at 
30%  represented  the  recycling  of  internalized  label  back  to  the  cell  surface  so 
that  by  30  h  after  the  initial  labeling  there  was  established  a  steady  state  of 
exchange  between  the  surface  and  the  internal  pool. 

To  test  this  hypothesis  we  devised  the  experiment  shown  in  Fig.  1.4,  with 
the  results  shown  in  Fig.  1.5.  Sialoglycoconjugates  were  labeled  as  before 
and  their  surface  location  demonstrated  by  the  neuraminidase  sensitivity  of  a 
small  sample.  The  remaining  cells  were  then  allowed  to  internalize  the  label 
for  8  h,  when  the  neuraminidase  sensitivity  had  fallen  to  about  50%  of  the 
total.  At  this  point  the  cell-surface  label  was  removed  with  neuraminidase, 
and  the  cells  were  returned  to  the  incubation  medium.  The  hypothesis  pre¬ 
dicted  that  if  the  surface  were  in  exchange  with  an  internal  pool,  then  the 
surface  should  become  relabeled  by  the  tritiated  sialoglycoconjugates  that 
had  been  internalized  during  the  first  8  h.  This  is  just  what  happens.  Fifteen 
hours  after  the  surface  had  been  stripped  of  activity,  the  neuraminidase 
sensitivity  of  the  total  cell-associated  label  had  returned  to  the  30%  plateau. 
Since  the  AcNeu7  is  not  reutilizable  by  the  cells  after  it  has  been  cleaved 
from  the  glycoconjugate,  we  concluded  that  the  sialoglycoconjugates  were 
recycling  intact  with  a  half-time  of  5-8  h.  The  30%  plateau  level  in  neuramin¬ 
idase  sensitivity  indicated  that  the  surface  was  in  exchange  with  an  internal 
pool  twice  the  size  of  the  surface  itself.  At  some  step  in  this  recycling  a  small 
fraction,  2%  per  hour,  of  the  label  is  siphoned  off  and  degraded.  This  is  the 
slow  component  of  turnover. 


t'igare  1.4.  Design  for  the  experiment  demonstrating  bidirectional  flow  of  sialoglycoconju¬ 
gates  between  the  cell  surface  and  the  internal  pool.  Clockwise  from  the  upper  left:  cells  with 
internal  vesicles  and  surface  pits,  representing  fo;  ning  endosomes,  are  labeled  with  Nal()4/ 
NaB|  'H|4  (black  dots);  after  incubation  in  growth  medium  a  fraction  of  this  label  is  internalized; 
virtually  all  of  the  surface  label  is  then  removed  with  neuraminidase,  leaving  the  internal  pool 
labeled,  and  the  cells  are  reincubated  in  growth  medium;  the  surface  is  relabeled  from  the 
internal  pool. 
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TIME  (h  after  labeling) 

Figure  1.5.  Results  of  the  experiment  diagrammed  in  Fig.  1.4  with  HeLa  cells.  After  the  initial 
surface  labeling  with  NaI04/NaB[,H]4,  the  cells  were  tested  periodically  for  neuraminidase 
sensitivity  of  the  cell-associated  radioactivity.  This  fraction  decreased  from  90%  at  0  h  to  about 
55%  at  8  h.  At  8  h  the  surface  activity  was  removed  by  neuraminidase  (1  h  at  0°C),  and  the  cells 
were  reincubated.  Over  the  next  15  h  the  neuraminidase  sensitivity  returned  to  the  30%  plateau 
level.  The  inset  shows  the  decrease  in  total  cell-associated  activity,  at  about  2%/h,  during  the 
second  incubation.  From  ref.  12. 


Overall  the  results  show  that  recycling  is  a  real  and  complex  phenome¬ 
non.  As  in  many  cells,  receptor  recycling  is  fast:  Bleil  and  Bretscher  (3)  have 
shown  that  the  transferrin  receptor  in  HeLa  cells  is  internalized  with  a  half¬ 
time  of  7  min  and  recycles  in  20  min;  this  pathway  may  involve  receptor- 
specific  mechanisms.  Regurgitation  of  endocytic  markers  like  sucrose  ap¬ 
pears  to  be  somewhat  slower  (1-2  h),  and  the  fluid-phase  markers  not 
released  in  this  time  are  captured  in  what  appears  to  be  the  lysosomal  com¬ 
partment  from  which  they  are  very  slowly  (100  h)  released.  It  is  not  yet 
known  how  the  steady-state  recycling  of  sialoglycoconjugates  relates  to 
these  other  markers. 


2.  TRANSIT  TIME  AND  TURNOVER  OF 
Na+,  K+-ATPase 

An  additional  dynamic  characteristic  of  cell  membranes  that  has  been  recog¬ 
nized  for  some  years  is  that  their  components  are  subject  to  turnover.  At 
heterogeneous  rates,  the  proteins  are  removed  from  the  surface  pool  and 
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degraded.  The  alkali-cation  transporter,  identified  as  Na  ,K  * -ATPase  or  as 
binding  sites  for  the  specific  glycoside  inhibitor  ouabain,  is  no  exception. 

The  regulation  of  surface  concentration  of  Na'  ,K  +  -ATPase  per  cell,  (£], 
may  be  expressed 

C-^~  =  k,  -*,„[£]  (I) 

where  A,  is  a  zero-order  rate  of  insertion  into  the  surface  membrane  of  newly 
synthesized  molecules  in  units  of  molecules  per  cell  per  unit  time  and  Ato  is 
the  first-order  rate  constant  for  turnover  in  units  of  reciprocal  time.  The 
experiments  described  here  for  measuring  turnover  were  done  on  logarithmi¬ 
cally  growing  cells,  and  two  factors  related  to  [£)  must  be  taken  into  ac¬ 
count.  First.  [£’I  as  measured  in  such  populations  is  a  mean  value  for  cells 
distributed  throughout  the  cell  cycle.  From  ['HJouabain-binding  measure¬ 
ments  made  on  synchronized  HeLa  cells,  ( E ]  appears  to  increase  during  the 
cell  cycle  in  direct  proportion  to  the  growing  cell-surface  area  (9).  Second, 
since  the  cells  are  growing,  the  amount  of  E  in  the  population  is  continually 
increasing,  and  this  net  increase  due  to  growth  must  be  allowed  for  with 
appropriate  corrections.  During  log  growth  the  mean  value  of  [£]  per  cell  is 
constant,  that  is,  J[E]/dt  =  0,  and  equation  I  reduces  to 


and 

k-,  =  kto[E]  (2a) 

These  are  steady-state  relationships.  For  integral  membrane  proteins  syn¬ 
thesis  begins  in  the  endoplasmic  reticulum,  and  there  is  an  extended  period 
of  transport  and  processing  through  the  ER,  Golgi,  and  post-Golgi  vesicles 
before  insertion  into  a  functional  location  in  the  cell  surface.  This  period  is 
the  transit  time  r  and  is  of  the  order  of  1 .5  h  for  insulin  receptor  in  adipocytes 
(27)  and  for  Na+,K+-ATPase  in  Sachs  organ  (7),  2.5  h  for  acetylcholine 
receptor  in  chick  myoblasts  (10),  and  4  h  for  Na+,K+-ATPase  in  HeLa  cells 
(25).  During  transitions  from  one  enzyme  level  to  another,  if  [E]  is  functional 
surface  enzyme,  then 

kiU)  =  Asyn(/  -  t )  (3) 

where  k,(t)  is  the  insertion  rate  at  time  t  and  ksyn(t  -  r)  is  the  rate  of  onset  of 
synthesis  one  transit  time  earlier.  In  the  steady  state,  of  course  A;  =  Asyn. 

We  have  adopted  two  methods  for  the  measurements  of  A,„.  In  the  first  to 
be  described,  although  it  was  the  second  to  be  carried  out.  we  used  an 
antibody  against  the  catalytic  subunit  of  Na+,K  +  -ATPase  to  precipitate  the 
enzyme  from  homogenates  of  rat  hepatoma  cells  (HTC)  that  had  been  pulse 
labeled  with  [,5S]methionine.  More  details  on  the  methods  are  given  in  the 
legend  to  Fig.  1.6.  In  pilot  experiments  we  observed  that  2  min  after  the 
onset  of  the  pulse,  labeled  subunit  was  found  in  a  membranous  component  of 
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Figure  1.6.  Turnover  of  the  Na,K-ATPase  in  rat  hepatoma  cells  (HTC).  Cells  were  pulse 
labeled  with  [”S]methionine  for  10  min  and  chased  with  10  mM  nonradioactive  methionine.  At 
intervals  thereafter  an  aliquot  was  taken,  and  the  cells  were  washed  and  solubilized  in  1%  Triton 
X-100  and  centrifuged  to  remove  insoluble  cytoskeletal  elements.  Saturating  amounts  of  rabbit 
anti-a  subunit  (Na+,K+-ATPase)  were  incubated  with  the  solubilized  cells  for  16  h  at  4°C,  and 
the  antibody  harvested  on  Protein-A-agarose.  Na\  K*-ATPase  was  recovered  by  dissociation 
from  the  antibody  in  SDS-PAGE  buffer  and  displayed  on  SDS-PAGE.  The  gel  was  fixed  and 
dried  and  fluorographed  on  preflashed  film.  The  density  of  the  band  at  94  K  was  determined  with 
a  Joyce-Loebl  densitometer. 


the  cells,  presumably  the  endoplasmic  reticulum  (not  shown).  In  HTC  cells, 
no  labeled  antigen  was  ever  found  free  in  the  cytosol,  suggesting  that  synthe¬ 
sis  occurs  on  membrane-bound  ribosomes.  The  specific  activity  of  the  la¬ 
beled  subunit  increased  linearly  for  the  next  30  min  (not  shown).  For  the 
turnover  experiment,  the  cells  were  labeled  for  10  min  and  subsequently 
chased  with  a  large  excess  of  nonradioactive  methionine.  As  can  be  seen  in 
Fig.  1.6,  following  the  pulse  the  activity  in  the  labeled  subunit  remained 
essentially  constant  for  about  5  h.  At  this  time  it  entered  a  pool  from  which  it 
was  removed  with  a  half-time  of  about  0.48  TG,  where  TG  is  the  generation 
time.  We  take  the  5-h  plateau  to  be  the  transit  time  between  the  onset  of 
synthesis  and  the  arrival  of  the  subunit  in  a  turning-over  pool.  The  latter 
includes  the  surface  membrane  and  may  include  as  well  a  population  of 
submembrane  vesicles  in  exchange  with  the  surface.  The  first-order  decay 
portion  of  the  curve  has  a  slope  of  -kio.  From  these  data  we  calculate  that 
HTC  cells  synthesize  in  each  generation  2.5  times  the  amount  of  enzyme 
needed  for  growth,  and  the  excess  1.5  sets  of  subunits  are  turned  over  and 
degraded  (18). 

In  the  human  HeLa  cells,  where  we  made  the  second  set  of  measure- 
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merits,  turnover  is  even  faster.  For  these  experiments  we  used  a  density 
method  pioneered  by  Fambrough  and  his  associates  (10,  14),  and  the  mea¬ 
surements  were  made  on  isolated  cell  membranes  (25).  Briefly,  two  popula¬ 
tions  of  cells  were  grown  in  parallel,  one  in  medium  containing  l3C-amino 
acids  and  the  other  in  control  medium  containing  normal  l2C-amino  acids. 
The  experiment  was  begun  by  resuspending  the  ,3C-labeled  cells  in  control 
medium.  The  measurements  to  be  made  were  to  follow  the  density  shift  of 
the  l3C-labeled  catalytic  subunit  of  Na+,K+-ATPase  as  it  was  removed  from 
the  membrane  and  replaced  with  l2C-subunit.  To  do  this  we  isolated  mem¬ 
branes  from  both  experimental  and  control  cells  and  radiophosphorylated 
them  separately,  under  conditions  such  that  only  the  Na+-dependent,  In¬ 
sensitive  phosphorylation  of  the  Na+,K+-ATPase  catalytic  subunit  (25,  26) 
was  detectable  as  a  radioactive  peak  on  SDS-acrylamide  gels  or  in  acid-SDS- 
metrizamide-D20  gradients.  The  experimental  and  control  samples  were 
distinguished  by  phosphorylating  one  with  [-y-32P]-ATP  and  the  other  with 
[y-33P]-ATP.  The  membranes  were  then  mixed,  solubilized  in  SDS,  and 
cosedimented  in  acid-SDS — metrizamide-D20  gradients.  Control  experi¬ 
ments  showed  that  the  two  radioactive  labels,  in  the  absence  of  l3C-density 
label,  cosedimented  within  0. 1-0.2%  of  each  other. 

The  results  from  two  turnover  experiments  are  shown  in  Fig.  1.7.  After 
equilibration  of  the  cells  for  several  days  in  l3C-medium,  the  density-labeled 


Flgare  1.7.  Changes  in  the  density  shift  of  l]C-labeled  catalytic  subunit  in  HeLa  cell  mem¬ 
branes  following  return  of  the  cells  to  control  (,2C)  medium.  The  density  shift  was  assayed  as 
described  in  the  text.  Note  that  the  density  shift  remains  at  its  initial  level  for  4  h  (transit  time) 
and  then  declines  in  a  first-order  manner.  The  slope  of  the  decline  is  ~(kl0  +  In  2 ITC),  where  Ta 
is  the  generation  time.  The  second  term  is  an  allowance  for  the  dilution  of  the  IJC-subunit  by  net 
growth-related  synthesis  of  l2C-subunit;  this  component  is  represented  by  the  dotted  line.  Open 
circles:  control  cells  in  normal  [K+]  medium;  with  1  x  106  ouabain-binding  sites  per  cell;  closed 
squares:  K*-stressed  cells  in  low-K*  (0.5  m M)  medium  with  about  2.2  x  to6  ouabain-binding 
sites  per  cell.  Note  that  the  transit  time  is  the  same  under  both  conditions.  From  ref.  25. 


12  lUKilll  AMOM  OF  11 lltNOVEK  OF  Na  ' ,  K  '  -ATI’asc;  IN  ClfLTl IKKIJ  CULLS 

subunit  moves  ahead  of  the  control  in  the  gradient  by  about  8%.  This  is  the 
initial  density  shift.  On  return  of  the  density-labeled  cells  to  control  medium, 
the  same  density  shift  at  the  membrane  level  persists  for  about  4  h.  After  this 
transit  time,  l2C-subunit  appears  in  the  membrane  and  dilutes  out  the  nC- 
enzyme.  After  24  h  (about  one  generation)  the  density  shift  is  undetectable. 
Since  the  total  Na+.K  +  -ATPase  is  constant  per  cell,  the  diminution  in  the 
shift  must  be  due  either  to  dilution  by  growth  or  turnover  or  both.  The  dotted 
line  shows  the  decrease  that  can  be  accounted  for  by  growth;  the  remainder 
is  turnover.  From  this  and  other  experiments  we  deduce  that:  HeLa  cells 
have  a  mean  per  cell  of  106  Na+,K+-ATPase  molecules,  measured  as  oua¬ 
bain-binding  sites;  the  half-time  for  turnover  of  the  catalytic  subunit  in  these 
cells  is  5-6  h,  again  a  mean  value;  the  rate  of  synthesis  (equations  2a  and  3) 
of  the  subunit  is  about  2800  molecules  per  minute,  of  which  700  meet  the 
growth  requirement  and  2100  are  turned  over  (25). 

These  turnover  rates  should  be  viewed  in  the  context  of  the  turnover  of  all 
surface  membrane  proteins.  It  is  the  general  finding  of  a  number  of  laborato¬ 
ries  working  with  cultured  cells  that  membrane  turnover  kinetics  are  multi- 
(at  least  two)  component,  and  that  the  majority  of  the  membrane  proteins 
turn  over  with  half-lives  of  70-200  h.  The  minority  turn  over  much  more 
rapidly  with  half-lives  of  5-25  h.  Na+,K7-ATPase  is  clearly  in  the  minority 
group. 

Turnover  serves  more  than  one  function.  In  part  it  serves  to  keep  the 
enzyme  activity  on  the  cell  surface  in  repair,  and  it  may  turn  out  that  the 
rapidly  turning  over  proteins  are  the  more  essential  to  cell  survival.  Cer¬ 
tainly  the  proper  functioning  of  Na+,K*-ATPase  is  an  essential  activity.  But 
turnover  also  operates  in  the  regulation  of  total  activity  as  indicated  in 
equation  1.  Na+,K+-ATPase  is  not  always  at  a  fixed  concentration  but  can 
be  up-  and  down-regulated  in  response  to  environmental  factors  that  modu¬ 
late  the  transporter’s  activity. 


3.  UP-  AND  DOWN-REGULATION  OF  Na+,K+-ATPase 

Up-  and  down-regulation  of  hormone  receptors  are  now  well  recognized 
phenomena;  in  general,  target  cells  respond  to  reduced  peptide  hormone 
levels  with  an  increase  in  the  number  of  cell-surface  receptors  and  vice 
versa.  Similarly,  there  are  now  known  many  examples  of  up-  and  down- 
regulation  of  transport  systems  in  which  cells  respond  to  deprivation  of  a 
transported  substrate  by  increasing  their  transport  capacity  for  that  sub¬ 
strate  (4,  6,  13,  15,  17,  21,  22,  24,  28).  The  available  evidence  suggests  that 
this  modulation  is  due  to  change  in  the  number  of  transporters  per  cell.  Such 
an  adaptation  has  been  observed  for  alkali-cation  transport  in  cells  grown  in 
low-K+  medium  (K+-stress;  4,  9,  15,  21,  24,  25)  or  in  normal  medium  con¬ 
taining  the  transport  inhibitor  ouabain. 
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REVERSAL  IN 


Figure  1.8.  Changes  with  respect  to  con¬ 
trols  in  number  of  ouabain-binding  sites  per 
cell  and  cell  [K*]  in  media  of  different  K* 
concentrations.  Control  values  at  zero  time 
are  106  sites  per  cell  and  170  m M  respec¬ 
tively.  At  zero  time  cells  are  incubated  in 
low-K*  (0.5  mM  medium);  at  50  h  the  me¬ 
dium  [K"']  is  restored  to  control  (5.5  mM) 
levels.  From  ref.  24. 


An  example  of  this  response  is  shown  in  Fig.  1 .8.  HeLa  cells  were  grown 
in  a  medium  with  [K  +  ]  slightly  below  the  K»/2  for  K"  transport,  and  the 
number  of  ouabain-binding  sites  per  cell  [ £ ]  was  measured  periodically. 
After  about  25-30  h  this  number  had  a  little  more  than  doubled  and  subse¬ 
quently  remained  at  the  higher  level.  When  the  [K +  ]  of  the  medium  was 
restored  to  the  normal  level,  [£]  promptly  returned  to  the  control  level  with 
a  half-time  for  the  transition  of  about  5-6  h.  While  the  cells  were  in  the  up- 
regulated  state  we  repeated  the  turnover  measurements  by  the  density-shift 
method  (Fig.  1.7).  The  kt0  had  fallen  to  somewhat  less  than  half  the  control 
value.  From  equation  2,  this  change  in  kt0  accounts  entirely  for  the  elevated 
[£].  The  up-regulation  has  been  accomplished  by  modulation  of  the  turnover 
rate  constant  with  no  change  in  the  rate  of  synthesis.  With  the  lower  kto .  it  is 
not  until  the  number  of  transporters  reaches  twice  the  control  value  that  the 
rate  of  turnover  again  reaches  the  rate  of  synthesis  and  a  new  steady  state  is 
established.  Note  that  in  this  new  steady  state  the  transit  time  remains 
unchanged. 

That  turnover  is  responsible  for  these  changes  can  again  be  argued  from 
the  kinetics  of  down-regulation  (Fig.  1.8).  In  the  Kf-stressed  cells  when  |  £  1 
is  elevated,  restoration  of  normal  [K+]  to  the  medium  results  in  the  very 
rapid  recovery  of  cell  electrolytes.  In  a  few  minutes  cell  [K*  ]  returns  to  and 
slightly  exceeds  control  levels.  If  synthesis  were  the  mechanism  regulating 
[£],  one  would  expect  that  within  the  cells  there  would  be  4  h  worth  of 
Na+,K+-ATPase-rich  membrane  in  transit  to  the  surface.  Even  if  fcsyn 
changed  immediately  with  the  relief  of  the  stress,  down-regulation  would  not 
be  observed  at  the  surface  until  after  this  transit  is  complete.  But  the  obser- 
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vation  is  that  as  soon  as  the  stress  is  relieved  down-regulation  begins.  This  is 
the  result  expected  if  an  immediate  change  in  turnover  at  the  membrane  level 
were  the  controlling  factor. 

In  a  theoretical  discussion,  Berlin  and  Schimke  (1)  showed  that  the  rate  of 
transition  in  enzyme  concentration  from  one  steady  state  to  another  is  dic¬ 
tated  by  the  turnover  rate  of  the  enzyme  in  the  final  steady  state  toward 
which  the  transition  is  progressing.  From  this  the  generalization  can  be  made 
that  in  regulation  by  turnover  up-regulation  will  necessarily  be  slower  than 
down-regulation.  Fig.  1.8  is  an  example  of  this  principle. 


4.  SIGNIFICANCE  OF  REGULATION  BY  TURNOVER 

The  classical  concept  of  enzyme  induction,  delineated  in  detailed  studies  on 
E.  coli  and  reinforced  in  studies  on  mammalian  systems  responding  to  vari¬ 
ous  hormonal  stimuli,  has  been  that  an  elevated  enzyme  content  is  the  con¬ 
sequence  of  an  increased  rate  of  synthesis.  It  has  been  clear  in  principle,  as 
expressed  in  equation  2,  that  change  in  turnover  can  be  equally  effective  in 
maintaining  a  new  steady  state,  although  the  rate  of  achieving  that  steady 
state  will  be  influenced  by  the  mechanism  the  cells  adopt  for  the  transition.  A 
number  of  membrane  enzymes  and  receptors,  like  Na+,K+-ATPase,  are  now 
known  to  be  regulated  by  turnover  in  response  to  a  change  in  the  concentra¬ 
tion  of  their  specific  substrate/ligand  in  the  environment  (e.g.,  insulin  recep¬ 
tor,  19;  EGF  receptor,  20).  We  asked  ourselves  whether  there  might  be  any 
particular  advantage  to  this  mode  of  regulation.  To  gain  an  insight  into  this 
question,  we  decided  to  model  the  transition  from  one  steady  state  to  the 
other  in  numbers  of  ouabain-binding  sites  in  HeLa  cells  in  response  to  step 
changes  in  concentration  of  extracellular  K+.  As  outlined  here  the  model  is 
simplistic;  this  approximation  is  intentional  to  keep  the  model  as  general  as 
possible.  The  principal  conclusions  are  not  altered  by  a  more  realistic,  and 
more  complex,  model  (to  be  published). 

The  first  version  is  a  model  of  regulation  by  turnover.  This  version  corre¬ 
sponds  to  our  experimental  observations,  and  real  data  are  available  to  fit  the 
required  functions. 

Two  equations  in  the  model  have  been  given  previously: 

^  =  *i  -  kl0[E]  (1) 

and 

ki(t )  =  ksy„(t  -  t)  (3) 

An  important  corollary  for  the  model  is  that  if  under  all  conditions  ksyn  is 
invariant  with  time,  then  kt  and  ksyn  are  equal.  The  invariance  of  ksyn  is  also  a 
property  of  the  turnover  model,  and,  as  described,  the  value  of  /fcsyn  may  be 
calculated  from  the  known  values  of  (E]  and  &l0  (equations  2  and  3).  The 


4.  SIGNIFICANCE  OF  HFGUIAHON  BY  TUHNOVKK 


15 


turnover  model  states  that  A:t0  is  a  function  of  some  cellular  signal  Q ,  and  the 
value  of  Q  is  itself  regulated  by  the  activity  of  the  transport  system: 

*.O=/10]  (4) 

d[Q ] 

=  ^(transport  rate)  -  L\Q ]  (5) 

In  these  formulations  (3  is  the  proportionality  constant  between  the  genera¬ 
tion  of  Q  and  transport.  The  model  is  indifferent  to  how  transport  rate  is 
modulated.  Up-regulation  in  Na\K  +  -ATPase  is  observed  after  either  low- 
K f  stress  or  in  cells  grown  in  sublethal  concentrations  of  ouabain  (4,21, 24). 
L  is  a  “metabolic  coefficient”  or  rate  constant  for  the  dissipation  of  Q.  Q  is 
unknown.  It  could  be  cell  [Kr]  or  [Na+],  or  ATP  flow,  or  ATP/ADP  as 
influenced  by  the  transporter,  and  so  on.  If,  for  example,  [0]  is  cell  [K  +  ],  L 
might  be  the  leak  constant  for  [K*  ]  against  which  the  pump  works.  Although 
f3  and  L  have  the  same  sign,  it  can  be  either  positive  or  negative. 

From  equation  5  it  follows  that  in  any  steady  state  of  up-  or  down-regu¬ 
lation 


kXo  ~  J  \j_  (transport  rate) 


(6) 


From  known  steady-state  values  of  klo  and  transport  rates  under  various 
conditions,  the  relationships  in  equation  6  can  be  established  and  (3IL  evalu 
ated.  The  function  is  highly  nonlinear.  Finally,  L  and  thus  /3  can  be  estimated 
by  fitting  the  data  for  the  transition  of  |£'l  from  one  steady  state  to  another 
at  various  assumed  values  for  L.  Fig.  1.9  shows  one  such  plot  for  the  data 
in  Fig.  1.8.  The  values  of  |£|  were  measured  from  ouabain  binding  in 
K+-stressed  cells,  and  the  line  through  these  points  is  a  plot  of  the  integral  of 
equation  2  with  k\  held  constant  and  the  initial  and  final  values  of  kXo  evalu¬ 
ated  as  described  in  Fig.  1 .7.  Note  that  the  computed  A:t0  during  the  transition 
falls  from  the  outset  of  the  stress,  undershoots  its  final  value,  and  after  a 
slow  and  highly  damped  oscillation  approaches  its  final  new  state.  The  initial 
rate  at  which  k{0  decreases  is  very  sensitive  to  assumed  values  of  L ,  which  in 
this  case  was  0.1  h  '.  If  Q  were  turning  over  rapidly,  both  (3  and  L  would  be 
large,  kl0  would  initially  fall  more  precipitously,  and  [£]  would  rise  more 
rapidly  than  depicted.  The  slow  onset  of  the  increase  in  [£]  has  been  experi¬ 
mentally  observed  by  several  authors  (Fig.  1 .8,  and  refs.  15,21, 22.  24).  The 
oscillation  observed  in  [£']  in  Fig.  1.9  is  again  of  small  amplitude  and  heavily 
damped  around  the  final  value.  Although  slow,  up-regulation  is  accom¬ 
plished. 

In  this  fit  of  the  data,  all  of  the  parameters  of  the  model,  including  trans¬ 
port  parameters  not  detailed  here,  are  evaluated  with  the  exception  of  the 
transit  time  t  (since  &,yn  =  k,  throughout).  Since  r  for  Na+.K+-ATPase  in 
HeLa  cells  is  known  from  other  data  (Fig.  1 .7),  we  are  in  a  position  to  ask  a 
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Figure  1.9.  Turnover  model.  The  computer  model  is  for  the  transition  in  the  up-regulation  of 
Na'.K'-ATPase  |£|  by  change  in  the  turnover  rate  constant,  A,„.  The  model  is  fit,  using 
equations  described  in  the  text,  to  data  shown  in  Figs.  1 .7  and  1 .8,  It  describes  an  experiment  in 
which,  at  time  =  0,  cells  are  removed  from  control  growth  medium  ([K*]  =  5.5  m M)  and 
resuspended  in  growth  medium  with  0.5  mM  [K*].  The  K„2  for  K+  transport  is  0.8  m M.  Left- 
hand  ordinate:  (£1  expressed  as  ouabain-binding  sites  per  cell.  Right-hand  ordinate:  computed 
k,„.  The  data  points  are  measured  ouabain-binding  sites  per  cell,  taken  from  Fig.  1.8.  The  initial 
measured  values  were  [£]  =  1  x  10*  and  kw  =  0.126  h'1;  the  final  values  were  [£]  =  2.1  x  106 
and  klo  =  0.059  h  '. 


“straw-man”  question:  what  would  be  the  consequences,  if  any,  of  regulat¬ 
ing  by  synthesis  rather  than  by  turnover?  In  this  case  equation  3  becomes 
important,  kl0  is  held  invariant  at  the  known  control  rate,  and  the  required 
*syn  is  calculated  from  steady-state  data  (equation  2)  and  a  variant  of  equa¬ 
tion  6: 


k 


syn 


(6a) 


As  before,  this  function  can  be  calculated  from  the  assumptions  and  the 
integral  to  equation  2  computed.  Excepting  the  new  assumption  that  &syn 
regulates  and  k[Q  is  invariant,  all  the  remaining  parameters  are  the  same  as 
before.  Fig.  1.10  shows  the  computed  response  to  the  same  low-K+  stress 
shown  in  Fig.  1.9.  The  ksyn  rises  promptly  after  initiation  of  the  stress,  but, 
because  of  the  4-h  transit  time,  there  is  no  rise  in  [ E ]  at  the  cell  surface 
during  this  period.  At  about  2  h,  ksyn  has  doubled,  and  this,  for  a  twofold  up- 
regulated  steady  state,  is  all  the  response  that  is  needed.  But  because  [£]  has 
not  yet  changed,  Q  continues  to  fall,  ksy„  continues  to  rise  and  substantially 
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Figure  1.10.  Synthesis  model.  This  computer  model  for  the  transition  in  up-regulation  model  is 
based  on  the  hypothetical  supposition  that  regulation  is  mediated  by  change  in  the  synthesis  rate 
with  no  change  in  turnover  rate  constant  k,0  but  with  all  other  parameters  the  same  as  in 
Figure  1.9.  The  transit  time  is  taken  as  4  h  (Figure  1.7).  Left-hand  ordinate:  |fc'|  expressed  us 
ouabain-binding  sites  per  cell.  Right-hand  ordinate:  computed  ksyn.  The  initial  measured  values 
were  [£)  =  1  x  106  and  /c,y„  =  1.25  x  105  molecules  per  cell  per  hour. 


overshoots  the  required  rate.  After  the  transit  time,  [£]  begins  to  rise  as 
well,  the  fall  in  Q  slows,  and  the  increase  in  ksyn  therefore  also  slows,  but  the 
earlier  overshoot  in  Asyn  results  in  a  later  overshoot  in  [£],  a  large  increase  in 
Q,  and  a  consequent  overrepression  in  £,yn.  In  brief,  the  interposition  of  the 
transit  time  between  the  stimulus  and  the  functional  response  leads  to  large 
oscillations  and  poor,  if  any,  up-regulation.  In  the  example  shown  the  oscil¬ 
lations  tend  to  damp  out  at  about  200  h.  Assuming  different  values  for  the 
metabolic  constant  L  does  not  improve  the  calculated  response:  lower  val¬ 
ues  broaden  the  period  of  the  oscillations,  and  higher  values  give  more  rapid 
oscillations  that  show  no  sign  of  damping,  that  is,  no  regulation,  even  after 
200  h.  Up-regulation  is  not  accomplished. 

This  regulation-by-synthesis  model  of  course  does  not  describe  what  hap¬ 
pens  in  the  cells.  What  it  does  describe  is  a  potential  threat  to  a  cell  system 
that  is  feedback  regulated  but  delayed  in  responding.  It  is  by  no  means  a  new 
idea.  When  we  showed  these  calculations  to  a  colleague,  he  was  skeptical 
because,  as  he  said,  of  his  deep  faith  that  ‘‘cells  were  smarter  than  that."  We 
agree.  Faced  with  the  threat  of  undamped  oscillations  in  regulation  by  syn¬ 
thesis,  the  cells  have  adopted  the  smarter  and  faster-responding  alternative 
of  regulation  by  turnover. 
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Cultured  fibroblasts  can  be  arrested  in  the  G(l/G|  phase  of  the  cell  cycle  by 
deleting  certain  required  growth  factors  from  their  culture  medium.  If  these 
quiescent  fibroblasts  are  treated  with  mitogens,  they  initiate  a  sequence  of 
biochemical  events  that  appear  to  begin  at  the  level  of  the  plasma  membrane 
and  ultimately  lead  to  cell  division.  In  1978  it  was  demonstrated  by  Smith 
and  Rozengurt  (32)  that  a  stimulation  of  Na+  influx  was  one  of  the  important 
early,  membrane-associated  events  to  occur  in  mitogen-treated  fibroblasts. 
The  serum-stimulated  Na+  influx  is  by  way  of  an  amiloride-sensitive  Na  + 
pathway  (33.  38)  that  has  been  proposed  to  mediate  Na+/H  +  exchange  (9,  15, 
23,  25).  Since  it  has  been  suggested  that  the  rise  in  intracellular  Na+  or  the 
alkalinization  of  the  cytoplasm  produced  by  stimulating  Na+/H+  exchange 
may  serve  as  a  trigger  for  subsequent  biochemical  steps  (2,  5,11, 20,  27),  it  is 
important  to  determine  the  mechanism  by  which  binding  of  mitogens  to 
surface  receptors  can  regulate  the  Na+/H+  exchange  system.  Thus,  for  the 
last  several  years,  our  laboratory  has  been  studying  the  regulation  of  Na+/H  * 
exchange  in  cultured  human  foreskin  fibroblasts  (HSWP  cells). 

In  this  chapter  we  outline  the  information  that  we  have  accumulated 
concerning  the  mechanism  by  which  binding  of  mitogens  to  receptors  on 
HSWP  cells  leads  to  the  activation  of  an  amiloride-sensitive  Na+  transport 
system.  We  review  evidence  that  indicates  that  the  second  messenger  for  the 
mitogen  stimulus  is  Ca2*  and  that  the  Ca2+  effect  is  mediated  by  calmodulin. 
Evidence  is  also  presented  that  suggests  that  a  stimulation  of  phospholipase 
(PLase)  activity  is  an  important  step  in  regulating  Na+  influx  in  HSWP  cells. 


1.  SERUM  STIMULATION  OF  Na+  INFLUX 
IN  HSWP  CELLS 

When  HSWP  cells  are  removed  from  their  normal  growth  medium  of  Eagle's 
minimum  essential  medium  (EM EM)  +  10%  fetal  bovine  serum  (FBS)  and 
incubated  in  Hepes-buffered  amino  acid-free  EMEM  +  0.1%  FBS  for  4  h. 
their  level  of  net  Na*  influx,  following  addition  of  a  Na+/K  pump  inhibitor, 
is  reduced  to  that  seen  in  cells  arrested  in  G0/G|  by  serum  deprivation. 
Addition  of  serum  to  the  assay  medium  results  in  a  dramatic  stimulation  of 
Na+  flux  over  the  basal,  serum-deprived  level  (Fig.  2.1).  The  stimulation  is 
very  rapid,  as  it  is  evident  within  30  sec,  which  is  the  shortest  interval  that 
we  can  accurately  measure  an  increase  in  Naf  flux.  The  net  Na*  influx  in  the 
absence  of  serum  occurs  through  a  pathway  that  is  resistant  to  amiloride.  a 
known  inhibitor  of  Na+/H*  exchange  in  many  tissues  (Fig.  2.2).  This  is  in 
contrast  to  the  Na‘  influx  stimulated  by  serum  that  is  inhibited  by  amiloride. 
suggesting  that  serum  activates  a  Na+/H+  exchange  pathway  in  HSWP  cells 
that  is  virtually  inactive  under  basal  conditions. 

Although  the  doses  of  amiloride  necessary  to  inhibit  serum-stimulated 
Na*  influx  in  HSWP  cells  are  high  (Kt  =  0.9  mM),  they  are  in  line  with  doses 
required  to  inhibit  Na*/H+  exchange  in  many  other  tissues  (10,  15,  24).  In 
addition,  our  recent  observation  that  several  amiloride  analogs  can  inhibit 
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Figure  2.1.  Serum  slimulalion  of  net  Na' 
influx  in  HSWP  cells.  Cells  were  serum  de¬ 
prived  for  4  h  in  amino  acid-free.  Tris-huf- 
fered  Cagle's  medium  4  0.  YA  fetal  bovine 
serum.  Net  uptake  of  Na'  was  initiated  by 
the  addition  of  medium  containing  20  gM 
digitoxin  (•)  or  medium  containing  20  gM 
digitoxin  +  10%  fetal  bovine  serum  0  ). 
Cells  were  washed  in  ice  cold,  isotonic 
MgCL.  extracted  in  5%  TCA.  and  the  Na ' 
content  determined  by  atomic  absorption. 


serum-activated  Na'  flux  in  HSWP  cells  with  Ay's  in  the  10-20  /xM  range 
(18)  supports  the  contention  that  these  are  specific  effects  on  the  Na'/H4 
exchange  system.  Data  in  Figure  2.3  show  dose  responses  for  inhibition  of 
Na*  influx  by  amiloride  and  an  amiloride  analog,  benzamil.  The  higher  affin¬ 
ity  compound,  benzamil,  clearly  shows  that  only  the  serum-activated,  and 
not  the  basal,  flux  is  sensitive  to  this  class  of  inhibitors.  Thus  the  inhibition 


Figure  2.2.  Effect  of  amiloride  on  basal  and  stimulated  Na*  influx.  Cells  were  serum  deprived 
as  described  in  the  legend  to  Fig.  2.1.  Net  Na*  uptake  was  measured  over  a  5-min  period  in 
serum-free  medium,  in  medium  containing  10%  FBS  or  in  medium  containing  A23 1 87  (5  gig/ml). 
Digitoxin  (20  gtM)  was  present  during  all  flux  measurements.  The  crosshatched  bars  represent 
flux  levels  in  the  presence  of  saturating  concentrations  of  amiloride.  Flux  values  are  the  means 
±  S.E.M.  of  five  determinations. 
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Figure  2.3.  Dose-response  curves  for  inhibition  of  Na*  flux  by  amiloride  and  benzamil.  Cells 
were  serum  deprived  as  described  in  the  legend  to  Fig.  2.1.  The  initial  rate  of  Na~  uptake  was 
measured  in  medium  containing  10%  FBS  and  various  concentrations  of  amiloride  (A)  or 
benzamil  (O).  The  dotted  line  represents  the  basal  flux  level  measured  in  serum-free  medium. 
Digitoxin  (20  /*M)  was  present  during  all  flux  measurements. 


data  indicate  that  there  are  two  distinct  Na+  transport  systems  in  HSWP 
cells:  (l)a  serum-independent,  amiloride-insensitive  pathway  and  (2)  a  se¬ 
rum-dependent,  amiloride-sensitive  pathway.  The  existence  of  two  distinct 
Na+  transport  systems  is  also  supported  by  kinetic  experiments  which  indi¬ 
cate  that  the  Na+  concentration  dependence  of  basal  Na+  flux  can  be  ex¬ 
plained  in  terms  of  a  single  saturating  transport  system,  whereas  the  Na  + 
flux  in  serum-stimulated  cells  is  clearly  mediated  by  at  least  two  pathways 
(39).  Although  in  HSWP  cells  and  human  lung  fibroblasts  (WI-38)  the  amil- 
oridc-sensitive  Na*  transport  system  appears  to  be  inactive  under  basal 
conditions,  this  is  not  true  in  all  the  cells  we  have  studied.  In  both  Chinese 
hamster  ovary  cells  (CHO)  and  neuroblastoma  x  glioma  hybrids  (NG 108-15) 
there  is  a  considerable  portion  of  the  basal  Na+  flux  that  can  be  inhibited  by 
amiloride.  It  will  be  of  interest  to  determine  whether  these  are  differences  in 
species  or  type  of  cell  or  differences  between  normal  and  transformed  cells. 

2.  EVIDENCE  FOR  SERUM  STIMULATION  OF  Na+/H+ 
EXCHANGE 


Although  the  amiloride  inhibition  data  merely  suggest  that  serum  stimulates 
Na+  influx  by  way  of  a  Na+/H+  exchange  system,  more  substantial  evidence 
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is  provided  by  several  recent  studies  which  have  demonstrated  a  change  in 
intracellular  pH  upon  mitogen  stimulation  of  cultured  fibroblasts  ( 14,  15,  29). 
In  our  recent  studies,  we  have  utilized  the  pH-sensitive  fluorescent  probe, 
6-carboxy,  4,5-dimethylfIuorescein,  to  monitor  continuously  intracellular 
pH  of  HSWP  cells.  The  esterified  form  of  this  compound  (6-carboxy,  4,5-di- 
methylfluorescein  diacetate)  readily  crosses  the  plasma  membrane  and  en¬ 
ters  the  cytoplasm  where  esterases  cleave  off  the  ester  groups  to  produce  a 
charged  form  of  the  molecule,  which  is  then  trapped  in  the  cytoplasm.  The 
trapped  dye  changes  its  fluorescence  with  changes  in  cytoplasmic  pH.  By 
monitoring  fluorescence  of  cells  continuously  in  a  microspectrofluorometer, 
we  have  shown  that  the  addition  of  mitogens  to  cells  produces  an  immediate 
rise  in  intracellular  pH.  This  rise  in  cellular  pH  is  blocked  by  amiloride  and 
does  not  occur  in  a  Na*-free  medium  (14).  These  observations  are  consistent 
with  the  hypothesis  that  mitogens  activate  a  Na*/H*  exchange  system  in 
human  fibroblasts.  In  addition,  we  have  shown  that  Na+  influx  in  the  pres¬ 
ence  of  serum  is  inhibited  by  extracellular  protons,  whereas  it  is  stimulated 
by  intracellular  protons  (22). 

Finally,  we  have  measured  intracellular  pH  using  the  weak  acid  [l4C]di- 
methyl  oxazolidine  dione  ([l4C]DMO).  These  studies  demonstrated  that  the 
intracellular  pH  =  7.1  in  serum-deprived  cells  and  rises  to  pH  =  7.35  in 
serum-stimulated  cells.  The  rise  in  intracellular  pH  in  response  to  serum  is 
blocked  by  benzamil  (22).  Our  values  for  intracellular  pH  under  basal  and 
stimulated  conditions  are  quite  consistent  with  values  reported  for  3T3  cells 
under  similar  conditions  (29). 


3.  STIMULATION  OF  Na+  INFLUX  BY  PEPTIDE 
MITOGENS 

To  discuss  the  mechanism  for  serum  stimulation  of  Na*  influx  in  any  detail, 
it  is  necessary  to  ascertain  which  element  in  serum  may  be  the  active  compo¬ 
nent.  From  previous  studies  of  serum  effects  on  cell  proliferation,  it  is  well 
known  that  serum  contains  small  molecular  weight  peptides  that  are  capable 
of  acting  as  mitogens.  Thus  it  seemed  reasonable  to  test  small  molecular 
weight  peptides  to  determine  whether  they  would  stimulate  Na*  influx  in 
HSWP  cells  in  a  serum-free  medium.  In  early  studies  it  was  shown  that  a 
combination  of  growth  factors  (EGF,  insulin,  and  thrombin)  would  stimulate 
Li '  uptake  in  3T3  cells  (33),  and  EGF  would  stimulate  -Na'  influx  in  HSWP 
cells  (38);  however,  the  degree  of  stimulation  was  much  less  than  that  seen 
with  serum.  Thus  it  was  not  clear  whether  peptides  alone  could  stimulate 
Na*  influx  as  effectively  as  serum  or  whether  some  additional  component  of 
serum  was  required.  In  this  connection,  our  recent  observation  that  lys- 
bradykinin  will  stimulate  Na*  influx  (and  DNA  synthesis)  in  HSWP  cells  (20) 
enabled  us  to  find  a  combination  of  peptides  that  stimulates  Na+  influx  (and 
DNA  synthesis)  as  effectively  as  serum.  The  data  in  Fig.  2.4  show  the  effect 
of  various  combinations  of  EGF,  lys-bradykinin,  vasopressin,  and  insulin  on 
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Figure  2.4.  Na*  influx  in  response  to  various  combinations  of  four  growth  factors.  Cells  were 
serum  deprived  as  described  in  the  legend  to  Fig.  2.1.  The  initial  rate  of  Na'  influx  was 
measured  over  a  5-min  period  in  medium  containing  20  juM  digitoxin  and  various  combinations 
of  four  growth  factors  [0.1  Lys-bradykinin  (BK),  0.1  /xM  vasopressin  (VP).  20  n M  EGF, 
and  I  z^g/ml  insulin  (Ins)].  Values  represent  mean  ±  S.E.M.  from  five  determinations.  For 
details,  see  ref.  20. 


Na+  influx.  The  net  Na+  influx  in  medium  containing  al!  four  of  these  pep¬ 
tides  is  95%  of  that  seen  in  the  presence  of  serum.  Thus  it  is  not  necessary  to 
postulate  the  involvement  of  any  element  of  serum  other  than  small  molecu¬ 
lar  weight  peptides  to  explain  the  stimulation  of  Na+  influx.  Since  the  actions 
of  this  class  of  peptides  are  known  to  be  the  result  of  binding  at  specific 
receptors  on  the  cells  surface,  one  can  presume  that  the  initial  step  in  activa¬ 
tion  of  Na+  flux  is  binding  of  peptides  to  their  receptors.  Next  we  must  ask 
how  these  receptors  are  coupled  to  the  Na+/H+  transport  system  (e.g.,  by 
means  of  a  second  messenger). 


4.  STIMULATION  OF  Na+  INFLUX  IN  SERUM-FREE 
MEDIUM  BY  A23187 

In  our  early  studies  of  the  coupling  between  peptide  receptors  and  Na+/H  + 
transporters,  we  examined  the  possibility  that  Ca2+  might  serve  as  a  second 
messenger  for  the  activation  process.  We  investigated  whether  elevating 
intracellular  Ca2+  in  HSWP  cells  in  a  serum-free  medium  would  activate  the 
Na+/H+  transport  system.  We  found  that  when  HSWP  cells  are  preloaded 
with  Ca2+  in  the  presence  of  the  divalent  cation  ionophore.  A23187,  prior  to 
measurement  of  Na+  influx,  the  net  Na+  influx  is  stimulated  dramatically 
(Fig.  2.2).  A  significant  stimulation  (three-fold)  is  observed  at  an  A23I87 
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concentration  of  I  yag/ml  with  maximal  stimulation  (five-fold)  occurring  at  5 
/ag/ml.  At  a  concentration  of  5  /ag/ml,  A23187  stimulates  a  five-fold  increase 
of  initial  4SCa2'  influx  into  HSWP  cells,  supporting  the  contention  that  this 
agent  will  increase  the  cytosolic  Ca2'  concentration.  The  A23187  clearly 
stimulates  Na*  influx  by  the  same  pathway  as  serum,  since  amiloride  com¬ 
pletely  blocks  the  increment  of  Na'  influx  induced  by  Ca2'  loading.  These 
studies  suggest  that  Ca2'  could  act  as  a  second  messenger  to  activate 
Na'/H  ’  exchange.  The  next  step  was  to  demonstrate  that  serum  or  peptide 
mitogens  do  modify  Ca24  metabolism. 


5.  EVIDENCE  FOR  Caa+  MOBILIZATION  IN  HSWP 
CELLS  IN  RESPONSE  TO  SERUM  OR  PEPTIDE 
MITOGENS 

If  Ca2*  is  the  second  messenger  in  the  serum  activation  of  Na+  influx,  then 
cellular  Ca2*  could  rise  through  either  an  increase  in  Ca2+  influx  or  a  mobili¬ 
zation  of  intracellular  Ca2*.  There  are  examples  of  cellular  systems  where 
hormone-induced  elevations  of  cellular  Ca2+  are  mediated  by  one  or  both  of 
these  processes.  In  the  HSWP  cell,  the  serum-stimulation  of  Na+  influx  can 
occur  in  a  medium  where  Ca2*  is  replaced  by  Mg2+  *  (41)  which  implies  that 
if  Ca2*  is  the  second  messenger  in  the  activation  process,  then  it  must  be 
mobilized  from  intracellular  stores.  To  investigate  this  possibility,  we  meas¬ 
ured  the  effects  of  scrum  and  peptide  mitogens  on  4SCa2*  efflux  from  HSWP 
cells  loaded  to  isotopic  equilibrium.  The  efflux  of  45Ca2*  from  cells  in  the 
presence  and  absence  of  10%  FBS  is  shown  in  Fig.  2.5.  Serum  clearly 
stimulates  4<iCa2,  efflux  from  HSWP  cells.  A  computer  analysis  of  the  efflux 
curves  (see  ref.  21  for  details)  showed  that  the  data  was  best  fit  by  a  three- 
compartment  model  and  suggested  that  HSWP  cells  have  three  physiologi¬ 
cally  distinct  Ca2*  compartments  with  markedly  different  turnover  rates.  As 
described  by  Uchikawa  and  Borle  (36)  the  first  compartment  C|  has  a  very 
fast  turnover  rate  and  presumably  represents  Ca2+  bound  to  the  external  face 
of  the  plasma  membrane;  the  second  compartment  C2  has  a  fast  turnover 
rate  and  presumably  represents  Ca2+  bound  within  the  cell  but  readily  acces¬ 
sible  to  the  aqueous  phase;  the  third  compartment  C3  has  a  slow  turnover 
rate  and  probably  represents  mitochondrial  Ca2+  stores.  When  effluxes  from 
the  three  compartments  were  calculated  from  computer-derived  parameters, 
it  was  found  that  serum  significantly  ( p  <  0.05)  stimulates  Ca2+  efflux  from 
the  second  and  third  compartments  (C:  and  C3).  In  the  second  compartment, 
flux  is  1.84  ±  0.34  /amol/g  protein/minute  in  serum-deprived  (control)  cells, 
and  addition  of  serum  causes  the  flux  to  increase  about  twofold,  that  is,  to 
3.69  ±  0.65  jtmol/g  protein/minute.  Similarly,  the  third  compartment  flux  is 


*  Ca2*  is  replaced  by  Mg2*  to  prevent  the  rise  in  Na*  influx  that  occurs  when  divalent  cations 
are  removed  from  the  assay  media  (40). 
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Figure  2.5.  Ca2*  efflux  from  HSWP  cells:  the  effect  of  serum.  HSWP  cells  were  loaded  with 
45Ca2+  for  24  h  and  serum  deprived  for  4  h  at  isotopic  equilibrium  in  amino  acid-free,  Hepes- 
buffered  EMEM  +  0.1%  FBS.  4'Ca2*  efflux  was  initiated  by  addition  of  amino  acid-free,  Hepes- 
buffered  EMEM  containing  1.8  mM  Ca2*  plus  or  minus  10%  FBS.  The  medium  was  sampled 
from  a  single  dish  at  designated  times,  and  the  45Ca2*  remaining  in  the  cells  was  calculated. 
Points  are  experimentally  determined,  and  the  line  is  a  computer  fit.  Values  in  the  table  are 
calculated  from  computer-derived  parameters  and  represent  mean  ±  S.E.M.  from  six  determi¬ 
nations.  For  details  see  ref.  21. 


0.12  ±  0.02  ^mol/g  protein/minute  in  control  cells,  and  upon  serum  addi¬ 
tion,  the  flux  increases  to  0.26  ±  0.03  /xmol/g  protein/minute. 

When  the  combination  of  peptide  mitogens  (EGF,  lys-bradykinin,  vaso¬ 
pressin,  and  insulin)  which  fully  activate  Na+  influx  were  tested  on  45Ca2+ 
efflux,  it  was  found  that  they  also  significantly  stimulate  efflux  from  C2  and 
C3  (21).  Specifically,  in  the  presence  of  the  combination  of  four  growth 
factors,  Ca2+  efflux  from  C2  was  4.20  ±  0.62  ^imol/g  protein/minute  and  from 
Cj  was  0.38  ±  0.06  (xmol/g  protein/minute.  Thus  serum  and  peptide  mito¬ 
gens  do  influence  Ca2+  metabolism  in  a  manner  consistent  with  their  mobiliz¬ 
ing  intracellular  stores  of  Ca2+. 


6.  EFFECT  OF  TMB-8  ON  SERUM-STIMULATED  Ca3+ 
EFFLUX  AND  Na+  INFLUX 


To  provide  further  support  for  the  contention  that  mitogens  stimulate 
Na+  influx  by  mobilizing  intracellular  Ca2t,  we  investigated  the  effect 
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of  the  intracellular  Ca2*  antagonist  8-(/V,  /V-diethylamino)-octyl-3,4,5-tri- 
methoxybenzoate  (TMB-8)  on  serum-stimulated  Ca2+  efflux  and  Na+  influx. 
TMB-8  has  been  suggested  to  stabilize  intracellular  membrane-bound  Ca2+ 
(13)  and  has  been  demonstrated  to  block  Ca2+-dependent  cellular  functions 
in  platelets,  neutrophils,  and  smooth  muscle  (13,  26,  34).  To  measure  the 
effect  of  TMB-8  on  45Ca24  efflux,  cells  were  loaded  with  45Ca2+  and  serum 
deprived  as  described  previously,  and  then  the  45Ca2+  efflux  was  initiated  by 
the  addition  of  Hepes-buffered  amino  acid-free  EMEM  containing  10%  FBS 
and  50  /xM  TMB-8.  The  data  in  Fig.  2.6  demonstrate  that  TMB-8  signifi¬ 
cantly  ( p  <  0.05)  inhibits  the  Ca2+  efflux  from  the  second  compartment 
while  not  affecting  efflux  from  C|  or  C3.  Efflux  from  C2  declined  from  3.69 
±  0.05  /u,mol/g  protein/minute  in  the  presence  of  10%  FBS  to  0.28  ±  0.01 
/imol/g  protein/minute  in  the  presence  of  10%  FBS  +  50  /xAf  TMB-8. 

Since  TMB-8  blocks  the  serum-stimulated  Ca2+  efflux  from  the  second 
Ca2+  compartment,  one  would  predict  that  it  might  block  the  serum-stimu¬ 
lated  Na*  flux,  which  we  propose  is  secondary  to  a  mobilization  of  intracel¬ 
lular  Ca2t.  To  test  this  possibility,  HSWP  cells  were  serum  deprived  for  4  h 
and  then  assayed  in  the  presence  of  10%  FBS  and  varying  concentrations  of 
TMB-8.  The  data  in  Fig.  2.7  indicate  that  TMB-8  inhibits  the  activation  of 
Na*  influx  by  serum  with  a  K\  =  15  fxM.  Maximal  inhibition  by  TMB-8 


Figure  2.6.  Ca2*  efflux  from  HSWP  cells:  the  effect  of  serum  +  TMB-8.  HSWP  cells  were 
loaded  with  4'Ca:\  serum  deprived,  and  4'Ca2*  efflux  was  measured  as  described  in  Fig.  2.5. 
The  concentration  of  TMB-8  was  50  Points  are  experimentally  determined,  and  the  line  is  a 
computer  fit.  Values  in  the  table  are  calculated  from  computer-derived  parameters  and  repre¬ 
sent  mean  ±  S.E.M.  from  three  determinations.  For  details  see  ref.  21. 
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Figure  2.7.  Concentration  dependence  of  TMB-8  inhibition  of  serum-stimulated  Na*  influx. 
Cells  were  serum  deprived  as  described  in  the  legend  to  Fig.  2.1.  The  initial  rate  of  Na*  influx 
was  assayed  over  a  5-min  period  in  medium  containing  20  nM  digitoxin  +  10%  FBS  and  varying 
concentrations  of  TMB-8.  The  broken  line  represents  the  level  of  flux  in  serum-deprived  cells. 


brings  the  Na '  flux  in  the  presence  of  10%  FBS  down  near  the  basal 
level,  but  does  not  totally  block  the  effect  of  serum.  It  is  possible  that 
a  small  component  of  the  serum  stimulation  can  be  supported  in  the  ab¬ 
sence  of  a  mobilization  of  intracellular  Ca2*  by  bringing  Ca2'  in  from  out¬ 
side  the  cell. 

Although  the  data  in  Fig.  2.5  demonstrate  that  TMB-8  blocks  the  serum- 
induced  mobilization  of  intracellular  Ca2+,  it  is  possible  that  this  agent's 
inhibition  of  Na'  flux  is  independent  of  its  effect  on  Ca2*  metabolism.  For 
example,  the  compound  could  have  general  and  nonspecific  effects  on  the 
cell  membrane  or  on  the  Na ‘/H  transporter,  which  could  directly  block 
function  of  the  transporter,  rather  than  interfere  with  the  mechanism  for  its 
activation.  To  support  the  contention  that  TMB-8  blocks  the  serum  stimula¬ 
tion  of  Na'  influx  by  its  effects  on  Ca2*  metabolism,  we  tested  the  effect  of 
TMB-8  on  A23l87-stimulated  Na'  flux.  Since  A23I87  can  elevate  intracellu¬ 
lar  Ca2'  levels  by  enhancing  Ca2*  influx,  in  addition  to  mobilizing  intracellu¬ 
lar  Ca2'.  then  A23l87-stimulated  Na'  influx  should  not  be  inhibited  by 
TMB-8  if  this  agent  acts  solely  by  stabilizing  intracellular  Ca2*.  The  data  in 
Table  2.1  indicate  that  TMB-8  had  no  effect  on  either  basal  or  A23187- 
stimulated  Na*  flux,  while  in  the  same  experiment  it  dramatically  inhibited 
growth-factor  stimulated  Na*  flux.  Thus  TMB-8  appears  to  block  the  activa¬ 
tion  of  the  transporter  rather  than  its  operation,  and  this  block  can  be  cir¬ 
cumvented  by  providing  a  source  of  external  Ca2*  by  means  of  A23I87. 
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TABLE  2.1.  EFFECT  OF  TMB-8  ON  GROWTH 
FACTOR-  OR  A23187-STIMULATED  Na+  INFLUX  IN 
HSWP  CELLS" 


Assay  Condition 

Na’  Influx 

(pmoi/g  protein  per  minute) 

Serum-free 

4.1  ±  1.3 

Serum-free  +  TMB-8 

3.3  ±  1.2 

Growth  factors 

24.9  ±  1.5 

Growth  factors  +  TMB-8 

9.7  ±  0.7 

A23187 

26.4  ±  2.9 

A23187  +  TMB-8 

24.1  ±  5.2 

“  Cells  were  serum  deprived  for  4  h  in  amino  acid-free,  Hepes- 
bufiered  EMEM  ±  0.1  %  FBS.  A23187-treated  samples  were  prein¬ 
cubated  for  I  min  in  medium  containing  A23187  ±  TMB-8.  Initial 
rate  of  Na*  influx  was  assayed  after  a  5-min  incubation  in  amino 
acid-free  Hepes-buffered  EMEM  containing  20  /xM  digitoxin  with 
the  indicated  additions.  Concentrations  used  were  TMB-8,  50 
growth  factors,  0.1  nM  lys-bradykinin  +  0.1  pM  vasopressin  +  20 
n M  epidermal  growth  factor  +  1.0  pg/ml  insulin;  A23I87,  10  jiM. 
Values  represent  the  mean  ±  S.E.M.  from  three  determinations 
(serum-free  and  growth  factors)  or  five  determinations  (A23I87). 


7.  EVIDENCE  FOR  INVOLVEMENT  OF  CALMODULIN 
IN  THE  ACTIVATION  OF  Na+/H+  EXCHANGE 

Since  we  have  considerable  evidence  for  Ca2+  as  a  second  messenger  in  the 
activation  of  Na+  influx  in  HSWP  cells,  it  is  quite  reasonable  to  question 
whether  the  Ca2+ -dependent  regulatory  protein,  calmodulin,  mediates  the 
effects  of  Ca2  +  .  A  number  of  previous  studies  have  identified  calmodulin  in 
cultured  fibroblasts  and  have  assigned  a  function  to  it  in  the  regulation  of  cell 
growth.  To  test  the  possible  involvement  of  calmodulin  in  the  serum  activa¬ 
tion  of  Na+  influx,  we  studied  the  effects  of  a  variety  of  calmodulin  antago¬ 
nists  on  the  serum  stimulation  of  Na+  influx.  The  initial  studies  were  done 
with  a  series  of  psychoactive  agents  that  previously  had  been  shown  to  be 
calmodulin  antagonists  (12).  For  these  studies,  cells  were  serum  deprived  for 
4  h,  preincubated  for  30  min  in  serum-free  medium  containing  the  appropriate 
concentration  of  calmodulin  antagonist,  and  assayed  in  10%  FBS  containing 
the  appropriate  concentration  of  drug.  All  six  psychoactive  calmodulin  an¬ 
tagonists  completely  inhibit  serum-stimulated  and  A23I87-stimulated  Na+ 
influx  in  a  dose-dependent  manner  (19).  None  of  the  agents  inhibits  the  basal 
Na‘  flux  in  serum-deprived  cells.  Since  these  calmodulin  antagonists  exhibit 
a  wide  range  of  IDW  for  their  inhibition  of  Na+  flux,  we  attempted  to  corre¬ 
late  the  ability  of  a  drug  to  inhibit  Na+  flux  with  its  previously  reported 
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Figure  2.8.  Relationship  between  binding  of  psychoactive  drugs  to  calmodulin  and  inhibition 
of  serum-stimulated  Na*  influx  in  HSWP  cells.  Cells  were  serum  deprived  as  described  in  the 
legend  to  Fig.  2. 1  and  then  preincubated  for  30  min  with  medium  containing  calmodulin  antago¬ 
nists.  The  initial  rate  of  Na*  influx  was  measured  in  medium  containing  20  ixM  digitoxin.  UY/< 
FBS,  and  various  concentrations  of  antagonists.  /*,  values  were  determined  from  fractional 
inhibition  plots  (see  ref.  19  for  details).  Calmodulin-binding  data  are  from  Levin  and  Weiss'-'. 
Correlation  coefficient  r  =  0.982  (excluding  chordiazepoxide). 


ability  to  bind  to  calmodulin  (12).  As  the  data  in  Fig.  2.8  illustrate,  there  is  an 
excellent  correlation  between  a  drug’s  ability  to  interact  with  calmodulin  and 
its  ability  to  block  the  serum  activation  of  Na+  influx.  This  strong  correlation 
argues  that  the  inhibition  of  Na+  influx  by  these  agents  is  due  to  their  interac¬ 
tion  with  calmodulin  and  not  to  some  nonspecific  effects  of  these  drugs. 

Although  the  close  correlation  between  inhibition  of  Na+  flux  and  binding 
to  calmodulin  argues  for  a  calmodulin-specific  effect,  it  is  always  difficult  to 
rule  out  totally  involvement  of  the  nonspecific,  membrane-related  effects 
ascribed  to  these  agents  (30).  For  that  reason  we  investigated  another  class 
of  calmodulin  antagonists,  naphthalene  sulfonamide  derivatives,  to  deter¬ 
mine  their  effect  on  serum-stimulated  Na+  flux.  As  shown  in  Fig.  2.9,  W12  is 
the  dechlorinated  homolog  of  W13.  The  absence  of  the  chlorine  in  W12 
greatly  reduces  its  affinity  for  calmodulin  in  comparison  to  that  of  W13  (1). 
Although  W12  and  W13  exhibit  different  anticalmodulin  activities,  both 
drugs  possess  similar  hydrophobicity  indices.  Thus  W12  serves  as  an  excel¬ 
lent  control  for  any  non-calmodulin-mediated  effects  of  these  drugs.  The 
effects  of  W12  and  W13  on  the  serum-stimulated  Na+  influx  are  shown  in 
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Figure  2.9.  Concentration  dependence  for  calmodulin-antagonist  inhibition  of  serum-stimu¬ 
lated  Na*  influx  in  HSWP  cells.  Cells  were  serum  deprived  as  described  in  the  legend  to  Fig.  2.1 
and  then  preincubated  for  15  min  with  medium  containing  varying  concentrations  of  W12  or 
W13.  The  initial  rate  of  Na*  influx  was  measured  over  a  5-min  period  in  medium  containing  20 
H M  digitoxin,  10%  FBS,  and  varying  concentrations  of  W12  and  W13.  The  broken  line  repre¬ 
sents  the  level  of  flux  in  serum-deprived  cells.  Values  represent  mean  of  five  determinations. 


Fig.  2.9.  It  can  be  seen  that  W12  has  little  effect  on  serum-stimulated  Na+ 
influx  in  the  range  of  concentrations  tested,  whereas  W13  markedly  inhibits 
serum-stimulated  Na+  influx  (K,  =  9  fxM).  Thus  the  observation  that  six 
psychoactive  agents  and  two  naphthalene  sulfonamide  derivatives  inhibit 
serum-stimulated  Na+  influx  with  the  same  effectiveness  as  these  drugs 
interact  with  calmodulin  provides  compelling  evidence  that  calmodulin  is 
involved  in  the  serum  activation  of  Na+/H+  exchange. 


8.  EVIDENCE  FOR  INVOLVEMENT  OF 
PHOSPHOLIPASE  ACTIVITY  IN  THE 
ACTIVATION  OF  Na+/H+  EXCHANGE 

Although  there  is  persuasive  evidence  that  Ca2+  acts  as  a  second  messenger 
in  the  mitogen  activation  of  Na+  flux,  we  do  not  know  the  mechanism  by 
which  binding  of  Ca2+  to  calmodulin  leads  to  an  activation  of  Na+/H+  ex- 
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change.  Thus  it  is  important  to  determine  whether  certain  known  Ca2’- 
regulated  biochemical  events  might  be  involved  in  the  activation  process. 
Phospholipase  (PLase)  activity  is  a  prime  candidate  for  consideration  as  a 
component  of  the  activation  sequence  for  the  following  reasons:  (I)  PLase 
A 2  and  PLase  C  are  both  Ca2  +  -dependent  enzymes  that  may  be  regulated  by 
the  level  of  cytoplasmic  Ca24  activity;  (2)  PLase  A:  activity  in  cultured 
fibroblasts  is  stimulated  by  bradykinin  (8).  a  compound  we  have  shown  to 
stimulate  Na+  flux  and  DNA  synthesis  in  HSWP  cells  (20);  (3)  PLase  activity 
is  stimulated  in  cultured  fibroblasts  by  melittin,  a  compound  that  stimulates 
Na*  influx  in  cultured  mouse  fibroblasts  (28).  Thus  we  tested  the  possibility 
that  activation  of  PLase  is  a  key  step  in  the  sequence  of  events  leading  from 
binding  of  mitogens  at  their  receptor  sites  to  stimulation  of  Na+/H+  ex¬ 
change. 


9.  EFFECT  OF  PHOSPHOLIPASE  INHIBITORS  ON 
SERUM-STIMULATED  Na+  INFLUX 

Our  initial  experiments  to  test  for  the  involvement  of  PLase  activity  in  the 
activation  of  Na4  influx  utilized  two  known  inhibitors  of  PLase  activity, 
mepacrine  and  the  Upjohn  drug  U-1002  (43).  Clearly  if  PLase  activation  is  a 
key  step  in  the  stimulation  of  Na+/H+  exchange,  then  PLase  inhibitors 
should  block  this  stimulation.  Cells  were  serum  deprived  for  4  h  and  then 
assayed  in  the  presence  and  absence  of  serum  and  the  presence  or  absence 
of  PLase  inhibitors.  Neither  mepacrinen  or  U-1002  has  any  significant  effect 
on  the  basal  Na+  influx  in  serum-free  medium  (37).  However,  addition  of  100 
H M  mepacrine  or  200  /j.M  U-1002  to  the  assay  medium  results  in  a  complete 
block  of  the  serum  stimulation  of  Na+  influx  (Fig.  2.10). 

Although  these  data  are  consistent  with  a  role  of  PLase  activity  in  the 
regulation  of  Na+/H+  exchange,  it  is  important  to  demonstrate  ( 1 )  that  serum 
stimulates  PLase  activity  in  HSWP  cells  and  (2)  that  a  comparable  dose 
response  exists  for  inhibition  of  serum-stimulated  Na-4  flux  and  inhibition  of 
serum-stimulated  PLase  activity.  Regarding  the  first  criterion,  the  data  in 
Table  2.2  show  that  serum  does  stimulate  PLase  activity,  as  measured  by 
release  of  [’HJarachidonic  acid  from  preloaded  cells.  In  five  experiments 
serum  stimulated  Na+  influx  by  3-5  fold  and  stimulated  [’HJarachidonic  acid 
release  by  3-4  fold  over  basal  levels.  Regarding  the  second  criterion,  we 
demonstrated  that  both  U-1002  and  mepacrine  were  able  to  inhibit  Na4 
influx  fully  with  K,' s  of  10  and  18  /uM,  respectively.*  The  dose-response 
curves  for  inhibition  of  [’HJarachidonic  acid  release  show  that  PLase  inhibi¬ 
tion  occurs  in  the  same  concentration  range  of  U-1002  and  mepacrine  as 
does  inhibition  of  Na+  flux  (tfj's  of  5  /xM  and  15  fxM,  respectively  (37).  The 

*  When  comparing  the  potency  of  these  two  agents,  it  should  be  kept  in  mind  that  cells  were 
preincubated  with  U-1002  for  10  min,  whereas  the  effects  of  mepacrine  were  immediate. 
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Figure  2.10.  Effect  of  phospholipase  inhibitors  on  serum-stimulated  Na*  influx  in  HSWP  cells. 
Cells  were  serum  deprived  as  described  in  the  legend  to  Fig.  2.1.  Initial  Na*  influx  was  mea¬ 
sured  over  a  5-min  period  in  either  serum-free  medium,  10%  FBS  medium.  10%  FBS  medium  + 
100  fj.M  mepacrine  or  10%  FBS  medium  +  200  fj.M  U-I002.  Digitoxin  (20  /jlM)  was  present 
during  all  assays.  Values  represent  means  ±  S.E.M.  for  five  determinations. 


only  discrepancy  between  the  two  inhibition  curves  is  that  the  PLase  inhibi¬ 
tors  totally  block  the  serum-activated  Na+  flux  while  only  partially  blocking 
the  serum-stimulated  [3H]arachidonic  acid  release.  This  result  can  be  easily 
explained  by  the  data  in  Table  2.2.  We  found  that  the  addition  of  bovine 


TABLE  2.2.  SERUM  STIMULATION  OF 
[3H|ARACHIDONIC  ACID  RELEASE  FROM 
HSWP  CELLS 


Assay  Condition 

f’HJArachidonic  Acid 
Release  (cpm/dish) 

Serum-free 

1500  ±  80 

Serum-free  +  mepacrine 

1542  ±  71 

Serum 

3500  ±  180 

Serum  +  mepacrine 

2200  i  120 

BSA 

1900  ±  110 

BSA  +  mepacrine 

1940  ±  100 

Uti 
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serum  albumin  (BSA)  to  the  PLase  assay  medium  stimulated  the  release  of 
1’Hjarachidonic  acid.  This  BSA  stimulation  is  not  blocked  by  mepacrine  and 
is  therefore  presumed  to  be  an  effect  on  the  rate  of  reacylation  of  [  ^HJarachi- 
donic  acid  into  phospholipids  rather  than  an  effect  at  the  level  of  the  PLase. 
Thus  it  is  reasonable  to  assume  that  the  inhibitor-insensitive  portion  of  the 
serum-stimulated  [’Hlarachidonate  release  is  the  result  of  serum  proteins 
trapping  [3H]arachidonic  acid  and  thereby  preventing  its  reacylation. 

With  this  apparent  discrepancy  explained,  there  is  a  very  good  correlation 
between  the  dose-response  curves  for  inhibition  of  Na"  influx  and  PLase 
activity  for  both  of  these  compounds.  This  correlation  argues  that  the  effects 
of  mepacrine  and  U-1002  on  Na+  influx  are  by  means  of  their  effects  on 
PLase  activity  and  not  the  result  of  other  nonspecific  effects  of  these  drugs. 
In  addition,  inhibition  of  Na+  influx  by  mepacrine  occurs  with  a  A",  of  18  fiM, 
whereas  the  nonspecific  effects  normally  attributed  to  this  drug  occur  at 
substantially  higher  concentrations  (4). 


10.  STIMULATION  OF  Na+  INFLUX  BY  MELITTIN 

In  a  recent  publication  it  was  demonstrated  that  melittin,  a  known  activator 
of  phospholipase  activity,  would  stimulate  Na+  influx  in  3T3  cells  (28).  How¬ 
ever,  the  authors  of  this  paper  argued  that  the  Na+  influx  occurred  through  a 
nonspecific  leak  pathway  created  by  the  interaction  of  melittin  with  the 
plasma  membrane.  We  sought  to  test  the  alternative  possibility  that  the 
melittin-activated  Na+  flux  occurs  through  the  Na+/H+  exchange  pathway. 
The  initial  studies  demonstrated  that  melittin  activated  Na+  influx  in  human 
fibroblasts  when  present  at  concentrations  as  low  as  100  ng/ml.  As  shown  in 
Fig.  2.1 1,  a  concentration  of  800  ng/ml  stimulates  Na+  influx  to  a  level  that 
exceeds  that  normally  seen  in  response  to  10%  serum.  The  addition  of  ami- 
loride  to  the  assay  medium  completely  blocks  the  melittin-activated  Na+ 
influx.  These  findings  suggest  that  the  stimulated  Na+  flux  is  mediated  by  the 
amiloride-sensitive  Na+/H+  exchange  system,  rather  than  by  a  nonspecific 
leak  pathway.  The  effect  of  melittin  on  Na+  influx  appears  to  be  mediated 
through  its  effects  on  phospholipase  activity,  since  mepacrine  is  able  to 
block  a  substantial  amount  of  the  melittin  stimulation  of  Na+  flux.  In  addi¬ 
tion,  we  found  that  melittin  stimulates  Na+  influx  over  the  same  concentra¬ 
tion  range  that  it  stimulates  phospholipase  activity. 

In  addition  to  the  demonstration  that  the  melittin-stimulated  Na+  flux  is 
amiloride  sensitive,  there  are  two  other  observations  that  strongly  suggest 
that  melittin  is  activating  Na+/H*  exchange  rather  than  creating  leak  path¬ 
ways  in  the  plasma  membrane.  First,  measurements  of  intracellular  pH  with 
a  pH-sensitive  fluorescent  dye  show  that  the  addition  of  melittin  to  serum- 
deprived  human  fibroblasts  induces  a  dramatic  alkalinization  of  the  cyto¬ 
plasm.  This  alkalinization  is  prevented  by  incubation  in  Na+-free  medium 
and  is  blocked  by  addition  of  either  amiloride  or  mepacrine  (14).  These  data 
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Amiloride  Mepacrine 

Figure  2.11.  Effect  of  melittin  on  Na*  influx  in  serum-free  medium.  Cells  were  serum  deprived 
as  described  in  the  legend  of  Fig.  2.1.  Initial  Na+  influx  was  measured  over  a  5-min  period  in 
serum-free  medium  containing  20  p.M  digitoxin.  Melittin,  amiloride,  and  mepacrine  were  used 
at  concentrations  of  800  ng/ml,  3  m M  and  100  fiM  respectively.  Values  represent  means  ± 
S.E.M.  for  five  determinations. 


argue  strongly  that  melittin  is  activating  the  amiloride-sensitive,  Na+/H  + 
exchange  system.  Second,  we  find  that  preincubation  of  cells  in  melittin 
leads  to  a  desensitization  phenomenon  similar  to  that  seen  with  serum  stimu¬ 
lation  of  Na+  influx  (see  below).  The  Na+  flux  desensitizes  to  melittin  with  a 
similar  time  course  and  to  the  same  extent  as  seen  with  serum.  This  observa¬ 
tion  argues  that  the  melittin  stimulation  of  Na+  flux  occurs  by  a  mechanism 
quite  similar  to  the  one  by  which  serum  stimulates  Na+  influx. 


11.  EFFECT  OF  DEXAMETHASONE  ON  THE  SERUM 
STIMULATION  OF  Na+  INFLUX 

In  recent  studies,  Hirata  and  co-workers  have  shown  that  a  number  of  cell 
types  (including  human  fibroblasts)  synthesize  a  40,000-dalton  molecular 
weight  protein  in  response  to  chronic  treatment  with  dexamethasone  (7). 
This  protein,  called  lipomodulin,  acts  as  an  endogenous  phospholipase  inhib¬ 
itor.  Thus  one  would  predict  that  treatment  of  human  fibroblasts  with  dex¬ 
amethasone  would  result  in  an  inhibition  of  serum-stimulated  phospholipase 
activity  and  thereby  an  inhibition  of  the  serum  stimulation  of  Na+  influx.  In 
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this  regard,  we  found  that  chronic  (24-h)  treatment  of  HSWP  cells  with  1  juM 
dexamethasone  had  no  significant  effect  on  either  basal  Na+  influx  or  on  the 
basal  release  of  |  !H  larachidonic  acid.  However,  chronic  treatment  of  cells 
with  dexamethasone  reduced  the  serum  stimulation  of  phospholipase  activ¬ 
ity  by  45  ±  89?  and  reduced  the  serum-stimulated  Na+  influx  by  50  ±  59?  in 
three  separate  experiments.  Acute  treatment  (up  to  4  h)  with  dexamethasone 
had  no  effect  on  either  the  Na*  influx  or  [?H]arachidonic  release  in  the 
presence  of  serum.  These  observations  are  consistent  with  the  contention 
that  stimulation  of  phospholipase  activity  is  an  important  step  in  the  activa¬ 
tion  of  Na'  influx  by  serum. 


12.  DESENSITIZATION  OF  THE  SERUM  EFFECT  ON 
Na+ INFLUX 

In  assessing  the  mechanism  for  serum  stimulation  of  Na+  influx,  it  is  impor¬ 
tant  to  know  whether  the  stimulation  is  stable  or  declines  with  time.  Thus  we 
investigated  the  effect  of  preincubating  cells  in  the  presence  of  serum  prior 
to  the  measurement  of  net  Na+  influx.  As  shown  in  Fig.  2.12,  the  direct 
addition  of  serum  to  serum-deprived  cells  produced  a  six-fold  stimulation 
over  the  level  of  basal  Na+  influx.  However,  when  cells  were  preincubated 
in  serum,  their  response  to  a  subsequent  addition  of  fresh  serum  declined 
with  a  half-time  of  15  min.  This  desensitization  is  not  an  artifact  of  the  Tris- 


Figure  2.12.  Desensitization  of  serum-stimulated  Na+  influx.  Cells  were  serum  deprived  for  4 
h  in  Tris-buffered,  amino  acid-free  EMKM  +  0.1 FBS.  Cells  were  then  preincubated  in 
identical  medium  containing  10%  FBS  for  varying  lengths  of  time.  Following  serum  pretreat¬ 
ment,  Na*  influx  was  assayed  in  fresh  medium  containing  10%  FBS  and  20  digitoxin  over  a 
5-min  time  course.  Values  represent  means  ±  S.E.M.  for  five  determinations.  Dashed  line 
represents  the  level  of  serum-deprived  flux  for  this  series  of  experiments. 
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buffered  assay  medium  as  a  similar  response  occurs  in  Hepes-  or  COr 
buffered  medium  (42).  Desensitized  cells  rapidly  (/| n  =  20')  regain  their  sen¬ 
sitivity  to  serum  when  incubated  in  a  serum-free  medium;  thus  de  novo 
synthesis  of  proteins  is  an  unlikely  mechanism  for  reversal  of  desensitiza¬ 
tion.  The  desensitization  is  not  unique  to  serum  since  the  bradykinin  and 
vasopressin  stimulation  of  Na+  influx  also  decline  with  preincubation  time. 

Although  the  mechanism  for  desensitization  is  not  clear,  we  have  been 
able  to  eliminate  some  possible  mechanisms.  The  desensitization  process  is 
not  dependent  on  mitogen  receptor  down-regulation  since  we  find  that 
A23 187-activation  of  Na+  influx  also  desensitizes  with  time  (42).  In  addition, 
the  desensitization  does  not  appear  to  be  due  to  a  negative  feedback  process 
at  the  Na+/f-D  transporter  by  way  of  a  rise  in  intracellular  Na^  or  a  rise  in 
intracellular  pH.  We  find  that  desensitization  to  serum  occurs  when  cells  are 
preincubated  with  serum  in  a  low-Na*  medium,  which  blocks  the  serum- 
stimulated  rise  in  intracellular  Na+,  or  when  cells  are  preincubated  with 
serum  in  a  low-pH  medium,  which  blocks  the  serum-stimulated  rise  in  intra¬ 
cellular  pH  (42). 

13.  SUMMARY  OF  REGULATION  OF  Na+/H+ 
EXCHANGE 

The  addition  of  mitogens  to  serum-deprived  human  fibroblasts  rapidly  stimu¬ 
lates  Na+  influx  by  means  of  an  amiloride-sensitive  Na+/H+  exchange  sys¬ 
tem.  The  Na+/H+  exchange  system  appears  to  be  virtually  inactive  under 
basal  conditions  and  thus  must  be  rapidly  activated.  Based  on  the  evidence 
presented,  we  propose  the  model  shown  in  Fig.  2. 13  to  explain  the  activation 
of  Na+  influx.  The  initial  step  in  the  activation  sequence  is  the  binding  of 


Figure  2.13.  Schematic  representation  of  the  mechanism  for  activation  of  the  amiloride-sensi¬ 
tive  Na*/H*  exchange  pathway  by  mitogens.  Possible  sites  for  involvement  of  phospholipase 
activity  are  designated  by  1  and  2. 
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mitogens  to  their  surface  receptors.  This  leads  to  a  mobilization  of  intracellu¬ 
lar  Ca2 *  which  may  occur  from  membrane-bound  stores  or  from  intracellular 
organelles.  This  contention  is  supported  by  the  observation  that  A23I87  can 
activate  Na+  influx  in  serum-free  medium,  that  the  serum  stimulation  of  Na* 
flux  is  blocked  by  the  intracellular  Ca2'  antagonist  TMB-8,  and  that  mito¬ 
gens  stimulate  45Ca2*  efflux  tl.at  is  blocked  by  TMB-8. 

The  next  step  in  the  activation  sequence  appears  to  be  the  interaction  of 
Ca2+  with  the  Ca2+-dependent  regulatory  protein  calmodulin.  This  conten¬ 
tion  is  supported  by  data  for  two  classes  of  calmodulin  antagonists  that  show 
an  excellent  correlation  between  a  drug’s  ability  to  interact  with  calmodulin 
and  its  ability  to  block  the  activation  of  Na*  flux.  We  have  depicted  the 
action  of  calmodulin  to  be  the  activation  of  an  enzyme  system  that  leads  to  a 
biochemical  modification  of  the  transport  system.  For  example,  the  calmo¬ 
dulin-dependent  enzyme  could  be  a  protein  kinase  that  activates  the  Na* 
transport  system  by  means  of  a  phosphorylation  reaction.  Although  not 
depicted,  it  is  also  possible  that  the  calmodulin-stimulated  process  is  the 
fusion  of  submembrane  vesicles,  containing  Na*/H*  transport  systems,  into 
the  plasma  membrane  thereby  leading  to  incorporation  of  active  transports 
in  a  manner  similar  to  that  seen  with  insulin  stimulation  of  glucose  transport 
in  rat  adipocytes  (31). 

Although  there  is  considerable  evidence  for  the  stimulation  of  phospholi¬ 
pase  activity  as  an  important  step  in  the  activation  sequence,  at  present  the 
temporal  relationship  between  Ca2+  mobilization  and  activation  of  PLase 
activity  is  not  clear.  There  are  two  key  places  (labeled  1  and  2  in  Fig.  2.13)  in 
the  activation  scheme  where  an  increase  in  phospholipase  activity  could  be 
important.  First,  the  mitogen  receptor  could  be  coupled  to  the  phospholipase 
enzyme  so  that  binding  of  mitogen  causes  an  increase  in  phospholipase 
activity  as  an  initial  event.  This  could  lead  to  the  mobilization  of  intracellular 
Ca2*  through  direct  effects  on  phospholipid  pools,  which  could  serve  as 
membrane-binding  sites  for  Ca2+,  or  through  release  of  by-products  of  phos¬ 
pholipase  action  (e.g.,  arachidonic  acid  metabolites  or  inositol  triphosphate), 
which  have  recently  been  suggested  to  mobilize  intracellular  Ca2*  (35).  The 
second  possibility  is  that  the  activation  of  phospholipid  is  secondary  to  the 
mobilization  of  intracellular  Ca2+.  In  this  scheme  binding  of  mitogen  to  its 
receptor  would  lead  to  mobilization  of  Ca2+  and  formation  of  a  Ca2* -calmo¬ 
dulin  complex.  This  could  result  in  an  increase  in  phospholipase  activity, 
perhaps  by  inactivating  lipomodulin  by  way  of  a  phosphorylation  reaction 
(7).  The  phospholipase  action  could  modify  the  environment  of  the  Na+/H  + 
transporters  in  the  membrane  or  could  enhance  the  fusion  of  submembrane 
vesicles  containing  Na+/H+  transporters  into  the  plasma  membrane.  Recent 
evidence  for  arachidonic  acid  as  a  fusigen  in  the  exocytosis  process  is  con¬ 
sistent  with  the  enhanced  incorporation  theory  (3).  We  are  currently  investi¬ 
gating  the  temporal  relationship  between  Ca2*  mobilization  and  stimulation 
of  phospholipase  activity  so  that  the  activation  scheme  can  be  more  clearly 
defined. 
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INSULIN'S  STIMULATORY  ACTION  ON  Gl.UCOSK  TRANSPORT 


Early  studies  demonstrated  that  insulin  stimulates  glucose  transport  in  the 
rat  adipose  cell  by  a  mechanism  that  increases  the  maximum  transport  veloc¬ 
ity  without  changing  the  affinity  of  the  transporters  for  glucose  (2,  3).  The 
question  still  remained,  however,  as  to  whether  this  increase  in  transport 
velocity  is  the  result  of  a  change  in  the  intrinsic  activity  of  the  transporter  or 
an  increase  in  the  number  of  functional  transporters. 

Independently,  our  group  at  the  National  Institutes  of  Health  (4,  13,  25) 
and  Dr.  Kono’s  group  (14,  15,  22)  at  Vanderbilt  University  proposed  a 
translocation  mechanism  to  account  for  insulin's  stimulatory  action  on  glu¬ 
cose  transport  whereby  glucose  transporters  are  reversibly  translocated 
from  an  intracellular  pool  to  the  adipose  cell’s  plasma  membrane.  The  aim  of 
this  chapter  is  to  discuss  the  basis  for  this  hypothesis  and  to  consider  some 
of  the  individual  steps  involved. 


1.  QUANTITATION  AND  SUBCELLULAR 
DISTRIBUTION  OF  GLUCOSE  TRANSPORTERS 

The  assay  we  used  to  measure  the  number  of  glucose  transporters  in  a 
particular  subcellular  fraction  is  based  on  the  equilibrium  binding  of  cytocha- 
lasin  B,  a  potent  competitive  inhibitor  of  glucose  transport.  Specificity  is 
achieved  by  performing  the  binding  assay  in  the  presence  of  2  /xM  cytochala- 
sin  E,  at  which  concentration  it  inhibits  the  specific  binding  of  cytochalasin 
B  to  several  proteins  but  has  no  effect  on  the  binding  to  the  transporters. 
Further  specificity  is  attained  by  measuring  only  that  fraction  of  the  total 
bound  cytochalasin  B  that  is  inhibited  by  the  natural  substrate  D-glucose  (4, 
13,  25). 

Figures  3.1  and  3.2  show  the  distributions  of  marker  enzyme  activities 
and  glucose  transporters,  respectively,  in  subcellular  fractions  prepared 
from  adipose  cells  incubated  in  the  absence  or  presence  of  insulin.  In  these 
experiments  isolated  adipose  cells  (13),  suspended  in  a  Krebs-Ringer  bicar¬ 
bonate  (10  mM)/HEPES  (30  m M)  buffer  supplemented  with  1%  BSA,  were 
incubated  for  30  min  at  37°C  in  the  absence  or  presence  of  7  n M  insulin.  The 
cells  were  washed  in  a  TRIS :  EDTA:  sucrose  (20:  1 : 225  mM)  buffer,  pH 
7.4,  and  homogenized.  Three  major  subcellular  fractions  were  then  isolated 
by  differential  ultracentrifugation:  a  plasma  membrane  fraction  (PM);  a  high- 
density  microsomal  membrane  fraction  (HDM);  and  a  low-density  micro¬ 
somal  membrane  fraction  (LDM).  The  marker  enzyme  activities  5'-nucleo- 
tidase  for  plasma  membranes,  rotenone-insensitive  NADH :  cytochrome  c 
reductase  for  endoplasmic  reticulum,  and  UDP-galactose :  N-acetylgluco- 
samine  galactosyltransferase  for  the  Golgi  apparatus  were  measured  in  each 
of  the  isolated  fractions.  Figure  3.1  clearly  demonstrates  that  the  plasma 
membrane  fraction  is  enriched  in  the  plasma  membrane  marker  enzyme 
activity,  and,  similarly,  the  high-  and  low-density  microsomal  membranes 
are  enriched  in  the  marker  enzyme  activities  characteristic  of  the  endoplas- 
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Figure  3.1.  Distribution  of  marker  enzyme  activities  among  subcellular  membrane  fractions  of 
the  isolated  rat  adipose  cell.  Isolated  adipose  cells  were  incubated  in  the  absence  or  presence  of 
insulin  (7  nMI  for  30  min  at  37°C.  The  cells  were  then  washed  and  homogenized,  and  plasma 
membrane  and  high-  and  low-density  microsomal  membrane  fractions  prepared  by  the  method 
described  by  Hissin  et  al.  (10).  The  marker  enzyme  activities  5'-nucleotidase  (I)  for  plasma 
membranes,  NADH  .cytochrome  c  reductase  (7)  for  endoplasmic  reticulum,  and  UDP-galac- 
tose  :  /V-acetylglucosamine  galactosyltransferase  (8)  for  the  Golgi  apparatus  were  assayed  using 
the  indicated  published  procedures  as  described  by  Simpson  et  al.  (20). 
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Figure  3.2.  The  effect  of  insulin  on  the  distribution  of  glucose  transporters  among  subcellular 
membrane  fractions  of  the  isolated  rat  adipose  cell.  Adipose  cells  were  incubated  in  the  absence 
or  presence  of  insulin  (7  n M)  for  30  min  at  37°C.  The  cells  were  then  washed  and  fractionated  as 
described  for  Figure  3.1.  D-Glucose-inhibitable  cytochalasin  B  binding  to  the  isolated  fractions 
was  determined  as  previously  described  (13,  20).  The  data  represent  the  mean  values  ±  S.E.M. 
observed  in  8-10  experiments. 
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mic  reticulum  and  Golgi  apparatus,  respectively.  In  addition,  incubation  of 
the  adipose  cells  with  insulin  is  without  effect  on  the  distribution  of  these 
marker  enzyne  activities  among  the  three  subcellular  fractions  studied  here. 
However,  the  membrane  fractions  are  far  from  pure  and  contain  significant 
organelle  cross-contamination. 

Figure  3.2  shows  the  distribution  of  glucose  transporters  as  assessed  by 
D-glucose-inhibitabic  cytochalasin  B  binding.  In  membranes  prepared  from 
basal  cells,  the  vast  majority  of  glucose  transporters  ('-90%)  resides  in  the 
low-density  microsomal  membrane  fraction  enriched  in  marker  enzymes  of 
the  Golgi  apparatus,  and  the  remainder  is  associated  with  the  plasma  and 
endoplasmic  reticulum-enriched  membranes.  However,  the  distribution  of 
glucose  transporters  in  the  latter  two  fractions  is  not  in  proportion  to  the 
galactosyltransferase  activity  found  in  the  same  fractions,  suggesting  that 
the  intracellular  pool  of  transporters  may  be  localized  to  a  unique  membrane 
species  or  a  specialized  fraction  of  the  Golgi  apparatus.  Insulin  induces  a 
profound  change  in  the  subcellular  distribution  of  glucose  transporters.  The 
plasma  membranes  prepared  from  insulin-treated  cells  show  a  five-fold  in¬ 
crease  in  the  number  of  transporters  compared  to  the  plasma  membranes 
from  basal  cells.  Similarly,  the  number  of  glucose  transporters  in  the  high- 
density  microsomal  membranes  is  increased  two-fold  while  that  present  in 
the  low-density  microsomal  membranes  is  decreased  by  50%.  Attempts  to 
quantitate  the  recovery  of  transporters  are  complicated  by  the  inability  to 
determine  the  total  number  of  transporters  in  either  the  intact  cell  or  the 
initial  homogenate  owing  to  the  hydrophobic  nature  of  cytochalasin  B  and 
the  amount  of  lipid  associated  with  the  cells.  However,  in  a  detailed  study 
(20)  using  marker  enzyme  recoveries  and  based  on  the  assumption  that  the 
glucose  transporters  in  the  low-density  microsomal  fraction  are  recovered  in 
the  same  proportion  as  the  galactosyltransferase  activity  in  that  fraction,  we 
have  concluded  that  the  total  number  of  transporters  is  approximately  6 
amol  per  cell,  corresponding  to  approximately  3.6  x  10h  transporters  per 
cell,  and  is  unaltered  by  exposure  of  the  cell  to  insulin  despite  the  marked 
change  in  their  subcellular  distribution. 

The  data  discussed  so  far  provide  a  static  view  of  how  insulin  may  induce 
a  translocation  of  glucose  transporters  from  an  intracellular  pool  to  the 
plasma  membrane  and  thus  give  rise  to  an  increase  in  transport.  However,  it 
is  equally  important  to  establish  that  this  mechanism  is  compatible  with  the 
rapidity  with  which  insulin  is  known  to  stimulate  glucose  transport  activity. 


2.  KINETICS  OF  THE  TRANSLOCATION  PROCESS 

Figure  3.3  illustrates  the  time  course  of  the  translocation  process  both  in 
response  to  insulin  and  during  its  reversal  induced  by  anti-insulin  antibody. 
In  these  experiments,  the  adipose  cells  prepared  from  96  rats  were  divided 
into  six  samples  and  incubated  with  either  insulin  or  insulin  followed  by  anti- 
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Figure  3.3.  Time  course  of  insulin’s  action  on  the  distribution  of  glucose  transporters  and 
the  reversal  of  insulin's  action  by  anti-insulin  antibody.  Adipose  cells  from  96  rats  were 
divided  into  six  samples  and  incubated  with  insulin  (0.7  n M)  for  the  indicated  times.  The  cells 
were  then  washed  and  homogenized,  and  plasma  membrane  and  low-density  microsomal  mem¬ 
brane  fractions  were  prepared  (13).  The  numbers  of  D-glucose-inhibitable  cytochalasin  B  bind¬ 
ing  sites  in  both  fractions  were  determined  as  previously  described  (13.  20).  In  a  separate  series 
of  experiments,  adipose  cells  were  incubated  first  with  insulin  (0.7  nMI  for  30  min  at  37°C  to 
maximally  stimulate  glucose  transport.  A  300-fold  excess  of  anti-insulin  antibody  was  then 
added,  and  at  the  indicated  times  samples  were  removed  and  fractionated,  and  D-glucose- 
inhibitable  cytochalasin  B  binding  to  the  plasma  membrane  and  low-density  microsomal  mem¬ 
brane  fraction  was  determined. 


insulin  antibody  for  the  indicated  times.  The  cells  were  then  fractionated  and 
the  cytochalasin  B  binding  assessed  in  both  the  plasma  membranes  and  low- 
density  microsomes  as  described.  The  results  demonstrate  that  the  increase 
in  the  number  of  transporters  seen  in  the  plasma  membranes  with  time  after 
the  addition  of  insulin  is  precisely  paralleled  by  a  decrease  in  the  number  of 
transporters  in  the  low-density  microsomal  membranes.  The  half-times  for 
these  events  are  approximately  2.5  min.  It  should  be  pointed  out  that  the 
data  in  these  figures  are  expressed  per  milligram  of  membrane  protein  and 
that,  at  the  time  these  experiments  were  performed,  the  ratio  of  recovered 
plasma  membranes  to  recovered  low-density  microsomes  was  approxi¬ 
mately  2:1.  Hence  the  decrease  in  transporters  in  the  low-density  micro¬ 
somal  membrane  fraction  appears  to  be  greater  than  the  increase  in  the 
plasma  membranes. 

To  demonstrate  that  this  translocation  process  is  reversible,  we  stimu¬ 
lated  glucose  transport  with  the  minimum  concentration  of  insulin  required 
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Figure  3.4.  Comparison  of  the  lime  courses  of  (A)  insulin's  action  and  ( B)  its  reversal  by  anti¬ 
insulin  antibody  on  the  number  of  glucose  transporters  in  the  plasma  membranes  and  the  rate  of 
3-O-methylglueose  transport  in  the  intact  rat  adipose  cell.  The  data  shown  in  Fig.  3.3  are- 
compared  with  the  rates  of  3-O-methylglucose  transport  (closed  circles)  measured  in  the  iso¬ 
lated  adipose  cells  immediately  prior  to  homogenization  (13).  The  results  are  expressed  as 
percentages  of  the  maximal  insulin  response. 


for  full  stimulation  over  a  30-min  period,  added  an  approximately  300-foJd 
excess  of  anti-insulin  antibody  to  remove  the  insulin,  and  assessed  the  re¬ 
translocation  of  transporters  with  time  (13).  As  seen  in  the  forward  direc¬ 
tion,  the  loss  of  transporters  from  the  plasma  membranes  closely  parallels 
the  increase  in  the  number  of  transporters  in  the  low-density  microsomes, 
the  half-times  for  both  events  being  approximately  10  min. 

A  comparison  of  the  changes  in  glucose  transport  activity  measured  in  the 
intact  cell  with  the  appearance  or  removal  of  transporters  from  the  plasma 
membranes  is  shown  in  Fig.  3.4.  Upon  stimulation  of  the  cells  with  insulin, 
the  appearance  of  glucose  transporters  in  the  plasma  membranes  precedes 
the  increase  in  glucose  transport  activity,  suggesting  that  the  transporters 
are  associated  with  the  plasma  membranes  for  a  finite  time  before  becoming 
functional.  In  contrast,  upon  removal  of  insulin  with  anti-insulin  antibody, 
the  decrease  in  transport  activity  directly  corresponds  to  the  decrease  in  the 
number  of  transporters  in  the  plasma  membranes,  suggesting  that  the  re¬ 
verse  translocation  may  proceed  by  means  of  a  different  mechanism. 


3.  PROPOSED  MECHANISM  OF  INSULIN  ACTION 

Based  on  the  data  so  far  described,  we  have  proposed  the  working  model 
shown  in  Fig.  3.5  (13).  Here,  we  envisage  the  stimulation  of  glucose  trans- 
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Figure  3.5.  Schematic  representation  of  a  hypothetical  mechanism  of  insulin's  stimulatory 
action  on  glucose  transport  in  the  isolated  rat  adipose  cell. 


port  to  be  initiated  by  the  binding  of  insulin  to  its  receptor  (step  1),  which  in 
turn  leads  to  the  generation  of  a  signal  (step  2).  We  have  represented  the 
signal  by  a  question  mark  since  its  precise  nature  remains  unclear  despite 
several  theories  and  intensive  investigation.  In  response  to  this  signal,  intra¬ 
cellular  vesicles  containing  glucose  transporters  are  translocated  to  (step  3) 
and  become  associated  with  (step  4)  the  plasma  membrane  of  the  cell,  before 
their  activity  is  expressed.  The  inclusion  of  this  step  was  initially  based  on 
the  kinetic  data  described  in  Fig.  3.4;  however,  more  recent  data,  discussed 
later,  have  confirmed  the  existence  of  this  intermediate  step.  Step  5,  which 
we  have  depicted  here  as  a  membrane  fusion,  represents  the  point  at  which 
active  glucose  transporters  are  exposed  to  the  extracellular  medium  and 
increased  glucose  transport  activity  can  be  observed  (step  6).  Finally,  upon 
removal  of  insulin  from  its  receptor  (step  7),  transporters  are  retranslocated 
to  their  intracellular  location  (step  8),  apparently  without  passing  through  an 
intermediate  complex  comparable  to  that  depicted  at  step  4. 

Based  on  a  completely  different  subcellular  fractionation  procedure  and 
methodology  for  monitoring  the  translocation  of  the  transporters,  Dr.  Kono 
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and  his  co-workers  have  proposed  a  translocation  model  very  similar  to  that 
suggested  in  Fig.  3.5  (22).  Using  a  continuous  linear  sucrose  gradient  to 
isolate  the  subcellular  fractions,  they  directly  assessed  the  distribution  of 
glucose  transporters  by  glucose  transport  measurements  made  in  artificial 
liposomes  reconstituted  from  the  various  subcellular  fractions.  Through  this 
approach,  they  have  demonstrated  that  neither  the  insulin-induced  translo¬ 
cation  of  glucose  transporters  nor  its  reversal  is  protein  synthesis-dependent 
(15).  However,  the  movement  of  vesicles  in  either  direction  is  energy-depen¬ 
dent,  and  both  processes  can  be  blocked  by  agents  such  as  KCN  or  2,4- 
dinitrophenol  (15).  They  have  further  shown  that  insulinomimetic  agents 
such  as  HjCT,  concanavalin  A,  or  vitamin  stimulate  glucose  transport  in 
the  rat  adipose  cell  by  a  mechanism  identical  to  that  of  insulin  (14). 

Thus  the  basic  translocation  mechanism  is  quite  well  established.  Other 
techniques  used  to  confirm  it  include  the  use  of  antibodies  against  the  human 
erythrocyte  glucose  transporter  which  cross-react  with  the  rat  adipose  cell 
transporter  (16,  26)  and  experiments  that  cross-link  cytochalasin  B  directly 
to  the  glucose  transporter  (17).  Both  approaches  have  provided  an  estimate 
of  a  molecular  weight  of  approximately  45,000,  which  is  directly  comparable 
to  that  observed  for  the  human  erythrocyte  glucose  transporter  whose  activ¬ 
ity  is  not  regulated  by  insulin.  Additional  recent  studies  have  extended  the 
cell  types  in  which  an  insulin-induced  translocation  of  glucose  transporters  is 
observed  to  include  the  rat  diaphragm  (23,  24)  and  the  isolated  human  (6)  and 
guinea  pig  (11)  adipose  cells,  suggesting  that  this  mechanism  may  well  be 
ubiquitous. 

In  the  remainder  of  this  chapter,  we  discuss  some  of  the  approaches  we 
are  currently  using  to  dissect  the  individual  steps  of  the  translocation  mecha¬ 
nism. 


4.  EFFECTS  OF  TEMPERATURE  ON  THE 
TRANSLOCATION  PROCESS 

The  first  is  an  investigation  of  the  effects  of  temperature  on  both  the  insulin- 
stimulated  translocation  of  glucose  transporters  and  its  reversal  (19).  Figure 
3.6A  illustrates  the  time  course  of  the  stimulation  of  glucose  transport  in  the 
intact  cell  at  16°C.  The  data  are  expressed  as  percentages  of  the  maximal 
rate  of  insulin-stimulated  transport  seen  at  37°C.  At  the  indicated  times,  the 
stimulatory  process  at  16°C  was  rapidly  stopped  by  the  addition  of  KCN  to  1 
m A/,  and  3-O-methylglucose  transport  activity  subsequently  was  assessed  at 
37°C.  At  this  reduced  temperature,  insulin  is  clearly  capable  of  stimulating 
glucose  transport  with  a  half-time  for  full  stimulation  only  approximately 
double  (~5  min)  that  observed  at  37°C.  Insulin  is  still  able  to  stimulate 
glucose  transport  at  temperatures  below  I6°C;  however,  the  half-times  for 
full  stimulation  become  considerably  longer.  These  data  should  now  be  con¬ 
trasted  with  the  data  in  Fig.  3.6B  which  shows  the  reversal  of  insulin-stimu- 
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Figure  3.6.  Time  course  at  I6°('  of  (A)  insulin's  action  and  (B)  its  reversal  by  collagenase  on 
the  rate  of  3-O-methylglucose  transport  in  the  isolated  rat  adipose  cell.  (A)  Adipose  cells  were 
incubated  at  I6  C  for  the  indicated  times  with  0.7  nM  insulin.  Stimulation  was  stopped  by  the 
addition  of  KC'N  to  I  mW  before  3-O-methylglueose  transport  activity  was  assessed  at  37°C.  (B) 
Adipose  cells  were  incubated  with  insulin  (0.7  nM)  for  I  h  at  I6°C  to  fully  stimulate  3-0- 
methylglucose  transport.  Collagenase  (3.3  mg/ml)  was  then  added,  and.  at  the  indicated  times, 
samples  were  removed  for  3-O-methylglucose  transport  activity  determination.  In  parallel  ex¬ 
periments.  tracer  |l:'l|insulin  was  mixed  with  cold  insulin  and  specific  insulin  binding  deter¬ 
mined  as  previously  described  (5).  The  results  are  expressed  as  percentages  of  the  maximal 
insulin  response. 


lated  glucose  transport  at  16°C.  In  this  case  we  have  used  collagenase  to 
remove  the  bound  insulin  and  the  same  KCN  technique  to  arrest  transloca¬ 
tion.  With  this  protocol,  the  reversal  of  insulin  binding,  which  at  100% 
represents  the  amount  of  insulin  bound  at  the  minimum  insulin  concentration 
required  to  elicit  a  full  response  (0.7  nM),  can  be  clearly  distinguished  from 
the  reversal  of  glucose  transport  activity.  The  latter  has  a  half-time  on  the 
order  of  4-5  h.  These  data  provide  more  conclusive  evidence  for  the  distinct 
nature  of  the  steps  involved  in  the  incorporation  of  the  glucose  transporters 
into  the  plasma  membrane  and  the  steps  involved  in  the  retranslocation  of 
glucose  transporters  to  the  intracellular  pool. 

Studies  of  the  effects  of  temperature  have  also  provided  insight  into  the 
site  of  insulin  action.  By  reducing  the  incubation  temperature  to  10°C  (19)  we 
have  demonstrated  a  translocation  of  glucose  transporters  from  the  intracel¬ 
lular  pool  to  the  plasma  membranes  in  the  absence  of  a  concomittant  in¬ 
crease  in  glucose  transport  activity  in  the  intact  cell.  However,  upon  the 
addition  of  insulin,  the  stimulation  of  glucose  transport  activity  is  observed 
with  essentially  no  further  translocation.  A  similar  phenomenon  is  observed 
by  incubating  cells  at  37°C  in  the  presence  of  TR1S.  a  buffering  agent  that 
markedly  promotes  the  insulin-induced  down-regulation  of  the  insulin  recep¬ 
tor  in  this  cell  type  (18).  These  observations  raise  the  possibility  that  at  least 
one  of  the  major  sites  of  insulin  action  is  the  promotion  of  the  fusion  step 
depicted  by  step  5  in  Fig.  3.5. 
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5.  EFFECTS  OF  ISOPROTERENOL  ON  THE 
TRANSLOCATION  PROCESS 


The  counterregulatory  actions  of  insulin  on  catecholamine-stimulated  lypo- 
lysis  in  the  rat  adipose  cell  are  well  documented.  However,  the  counterregu¬ 
latory  effects  of  catecholamines  on  insulin-stimulated  glucose  transport  have 
not  been  observed  until  very  recently  (21).  Figure  3.7A  demonstrates  the 
effects  of  isoproterenol  on  basal  and  insulin-stimulated  glucose  transport. 
The  enzyme  adenosine  deaminase  (ADA)  has  been  included  with  the  isopro¬ 
terenol  to  remove  any  exogenous  adenosine  which  is  capable  of  inhibiting 
the  actions  of  isoproterenol.  The  results  show  that  incubation  of  cells  with 
isoproterenol  and  ADA  in  combination  leads  to  a  70%  decrease  in  both  basal 
and  insulin-stimulated  glucose  transport  activity  as  compared  to  the  equiva¬ 
lent  control  cells.  Furthermore,  kinetic  studies  attribute  this  inhibition  to  a 
change  in  the  maximum  transport  velocity  and  not  to  a  change  in  the  trans¬ 
porter’s  affinity  for  3-O-methylglucose. 
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Figure  3.7.  The  effects  of  isoproterenol  and  adenosine  deaminase  on  (A)  basal  and  insulin- 
stimulated  3-O-methylglucose  transport  and  (B)  the  distribution  of  glucose  transporters  in  mem¬ 
branes  from  basal  and  insulin-treated  cells.  Isolated  rat  adipose  cells  were  incubated  in  the 
absence  or  presence  of  insulin  (7.0  n M)  and  in  either  the  absence  or  presence  of  isoproterenol 
( I  fiM )  +  adenosine  deaminase  ( I  unit  per  milliliter)  for  30  min  at  37°C  in  a  Krebs-Ringer  bicar¬ 
bonate  buffer  supplemented  with  4 %  untreated  bovine  serum  albumin.  Following  incubation, 
samples  were  removed  to  determine  3-O-mcthylglucose  transport  activity,  and  the  remaining 
cells  were  washed  and  fractionated  as  previously  described  (20).  D-glucose-inhibi(able  cytocha- 
lasin  B  binding  to  the  plasma  membranes  was  determined  as  previously  described  (13.  20). 
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Also  shown  in  Fig.  3.7B  are  the  effects  of  isoproterenol/ADA  on  the  dis¬ 
tribution  of  glucose  transporters  in  plasma  membranes  prepared  from  basal 
and  insulin-stimulated  cells.  Qualitatively,  the  effects  are  similar  to  those 
seen  for  transport.  Quantitatively,  however,  the  decrease  in  the  number  of 
transporters  in  the  plasma  membranes  from  both  basal  and  insulin-treated 
cells  with  exposure  to  isoproterenol  and  ADA  is  significantly  smaller  than 
would  be  predicted  from  the  inhibition  of  glucose  transport.  These  data 
suggest  the  existence  of  another  level  of  regulation  capable  of  modulating 
both  translocation  and  the  intrinsic  activity  of  the  transporter.  Alternatively, 
this  cAMP-mediated  effect  could  be  counterregulating  insulin’s  action  at  the 
fusion  step  (step  5  in  Fig.  3.5),  thus  effectively  preventing  the  exposure  of 
functional  transporters. 


6.  EFFECTS  OF  INSULIN-RESISTANT  METABOLIC 
STATES  ON  THE  TRANSLOCATION  PROCESS 

One  aspect  of  our  recent  studies  not  yet  discussed  in  this  chapter  is  the  link 
between  the  translocation  mechanism  and  certain  altered  metabolic  states  in 
the  rat  that  are  associated  with  insulin  resistance.  We  have  ascertained  in 
three  such  conditions,  the  aged,  obese  rat  (10),  the  streptozotocin  diabetic 
rat  (12),  and  rats  fed  a  high  fat  diet  (9),  that  the  inability  of  insulin  to  induce  a 
full  stimulation  of  glucose  transport  comparable  to  that  seen  in  adipose  cells 
from  control  rats  can  be  directly  attributed  to  a  reduction  in  the  number  of 
glucose  transporters  in  the  intracellular  pool.  Under  these  circumstances, 
the  translocation  mechanism  appears  fully  operational;  however,  fewer 
transporters  are  translocated  to  the  plasma  membrane  with  a  consequent 
diminished  glucose  transport  activity.  Thus  a  third  level  of  control  of  insulin- 
stimulated  glucose  transport  activity  that  modulates  the  biosynthesis  and/or 
degradation  of  glucose  transporters  can  clearly  be  identified  in  the  rat  adi¬ 
pose  cell.  The  interrelationship  among  these  various  levels  of  control  and  the 
mechanisms  through  which  these  controls  alter  individual  steps  within  the 
overall  translocation  process  remain  to  be  elucidated.  The  mechanism  we 
have  proposed  does,  however,  appear  to  be  the  first  of  a  growing  number  of 
analogous  systems  in  which  expression  of  specific  protein  activities  in  the 
plasma  membrane  can  be  modulated  by  their  subcellular  distribution.  It  will, 
therefore,  be  of  considerable  future  interest  to  examine  whether  these  sys¬ 
tems  share  common  mechanisms  with  each  other  and/or  with  other  endo- 
cytic/exocytic  processes. 


7.  SUMMARY 


The  mechanism  by  which  insulin  stimulates  glucose  transport  in  the  rat 
adipose  cell  has  been  shown  to  be  a  rapid,  reversible,  and  energy-dependent 
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process.  Stimulation  is  achieved  by  the  translocation  of  glucose  transporters 
from  an  intracellular  pool  to  the  plasma  membrane  where  their  insertion  is 
ultimately  responsible  for  the  increase  in  transport  activity.  The  reversal  of 
this  process  also  occurs  rapidly  at  37°C,  with  the  transporters  reappearing  in 
the  intracellular  pool.  The  overall  cycle  thus  appears  as  a  reversible  endo- 
cytic-exocytic  process  with  the  endocytic  and  exocytic  steps  showing  mark¬ 
edly  different  kinetic  properties.  Studies  of  the  effects  of  incubation  temper¬ 
ature  and  TRIS  confirm  the  existence  of  an  intermediate  state  in  which 
transporters  are  associated  with  the  plasma  membrane  but  incapable  of 
transporting  extracellular  glucose.  This  suggests  that  insulin  may  act  at  the 
level  of  the  plasma  membrane  at  the  step  that  results  in  the  exposure  of 
functional  glucose  transporters.  The  existence  of  a  cAMP-mediated  process 
capable  of  overriding  the  actions  of  insulin  raises  the  possibility  of  a  second 
level  of  control  of  glucose  transport  activity  the  significance  of  which  re¬ 
mains  to  be  assessed.  Finally,  a  third  control  mechanism  exists  for  regulating 
the  absolute  number  of  glucose  transporters  per  cell  that  appears  to  be 
specifically  affected  in  certain  pathophysiological  conditions  in  the  rat. 
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KKGIIIAI'ION  OF  Ca'2  THANSI*OHT 


The  cytoplasmic  Ca-'  concentration  of  skeletal  muscle  is  regulated  hy  an 
elaborate  system  of  ATP-dependent  Ca2’  pumps,  Na'  :Ca2'  exchangers. 
Ca2'  channels,  and  Ca2' -binding  proteins  located  in  the  surface  membranes, 
transverse  tubules,  sarcoplasmic  reticulum,  mitochondria,  and  cytoplasm 
(56).  Although  the  Ca2'  transport  ATPase  of  sarcoplasmic  reticulum  is  usu¬ 
ally  viewed  as  the  dominant  element  in  this  hierarchy;  in  reality  the  various 
components  of  the  system  are  tightly  integrated  and  form  an  indivisible  unit. 

Kinetic  studies  provide  a  clear  picture  of  the  concentration,  Ca2'  affinity, 
and  mechanism  of  action  of  the  individual  components,  but  the  principles 
and  mechanisms  that  govern  their  integration  are  almost  entirely  unknown. 

This  chapter  summarizes  recent  observations  on  the  structure  and  regula¬ 
tion  of  the  Ca2'  transport  ATPase  of  sarcoplasmic  reticulum,  and  speculates 
about  the  mechanisms  that  regulate  its  cellular  concentration  in  response  to 
physiological  requirements. 


1.  THE  STRUCTURE  OF  THE  Ca2+  TRANSPORT 
ATPase  OF  SARCOPLASMIC  RETICULUM 

The  Ca2'  transport  ATPase  is  an  intrinsic  membrane  protein  of  about 
100,000  molecular  weight  (52,  59);  (for  review  see  ref.  58)  that  constitutes 
60-70%  of  the  protein  content  of  sarcoplasmic  reticulum  membranes  iso¬ 
lated  from  fast-twitch  skeletal  muscle  (32).  The  amino  acid  sequence  of  five 
major  hydrophilic  segments  amounting  to  nearly  two-thirds  of  the  total  mass 
of  the  protein  has  been  determined  (I,  2,  4,  5).  One  of  these  segments 
contains  the  active  site  aspartyl  residue  that  serves  as  phosphate  acceptor 
for  ATP  during  Ca2+  transport  (3).  The  structure  of  the  interposed  hydropho¬ 
bic  sequences  is  unknown. 

The  hydrophilic  regions  of  the  protein  are  exposed  on  the  cytoplasmic 
surface  of  the  membrane,  giving  rise  to  40-A-diameter  surface  particles  (Fig. 

4. 1 )  that  can  be  visualized  by  negative  staining  (5 1 ).  The  density  of  the  40-A 
particles  (~  16,000-20,000/^t2,  ref.  45)  is  close  to  the  calculated  density  of 
ATPase  polypeptide  chains  in  the  membrane;  therefore  we  assume  that  each 
40-A  particle  corresponds  to  one  ATPase  molecule.  High-resolution  electron 
microscopy  of  negatively  stained  or  rotary  shadowed  sarcoplasmic  reticu¬ 
lum  preparations  reveals  a  substructure  within  the  40-A  particles  that  may 
reflect  two  major  structural  ‘‘domains”  within  the  ATPase  molecule  (72,  87). 

The  intramembranous  regions  of  the  protein  are  seen  by  frceze-fracture 
electron  microscopy  as  85- A  diameter  particles  (Fig.  4.1)  that  are  more 
numerous  in  the  cytoplasmic  than  in  the  luminal  fracture  face  (21);  this  is 
consistent  with  an  asymmetric  distribution  of  protein  mass  within  the  bi¬ 
layer.  The  density  of  85-A  intramembranous  particles  is  about  4000//a2  (45). 
The  4 ;  I  ratio  of  the  density  of  40-A  surface/85-A  intramembranous  particles  , 
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Figure  4.1.  Electron  microscopy  of  sarcoplasmic  reticulum.  ( A )  Mouse  microsome  prepara¬ 
tions  isolated  from  leg  muscles  of 40-50-day-old  mice,  negatively  stained  with  0.5%  K-phospho- 
tungstate.  Magnification:  x88,000.  (fl)  Reconstituted  vesicles  of  the  Ca-4  transport  ATPase. 
Ca;*  transport  ATPase  isolated  from  rabbit  skeletal  muscle  was  reconstituted  with  soybean 
phospholipids.  Negative  staining  with  1%  K-phosphotungstate.  Magnification:  x  105.000.  (O 
Freeze-etch  replicas  of  sarcoplasmic  reticulum  from  muscles  of  25-day-old  chicken.  Magnifica¬ 
tion:  x  45.000.  (Reproduced  with  permission  from  Tillack,  et  al.,  ref.  89.) 


led  to  the  proposition  that  the  85-A  particles  represent  clusters  of  several 
(probably  four)  ATPase  molecules.  The  oligomer  structure  of  Ca24 -ATPase 
in  phospholipid  membranes  is  supported  by  ullracentrifuge,  chromatogra¬ 
phy,  and  fluorescence  energy  transfer  data  obtained  on  detergent-solubilized 
and  reconstituted  Ca2  4 -ATPase  preparations  (for  a  review  see  refs.  58,  66). 
The  disposition  of  the  hydrophobic  segments  within  the  membrane  is  en¬ 
tirely  hypothetical.  Although  there  is  no  physical  evidence  for  the  exposure 
of  significant  protein  mass  on  the  luminal  surface  of  sarcoplasmic  reticulum, 
transient  penetration  of  structures  involved  in  Ca2'  translocation  is  possible 
during  some  steps  of  the  Ca2'  transport  cycle. 
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2.  THE  MECHANISM  OF  Caa+  TRANSPORT  BY 
SARCOPLASMIC  RETICULUM 

The  active  accumulation  of  Ca2+  by  sarcoplasmic  reticulum  is  coupled  to  the 
hydrolysis  of  ATP  by  the  Ca2+  transport  ATPase.  For  each  mole  of  ATP 
cleaved,  two  Ca2+  ions  are  translocated  across  the  membrane  (39,  58).  The 
kinetics  of  Ca2+-dependent  ATP  hydrolysis  was  extensively  analyzed  in 
several  laboratories,  and  the  scheme  of  Fig.  4.2  accounts  for  much  of  the 
observations  (24). 

The  enzyme  E,  interacts  with  2Ca2+  and  1ATP  in  a  sequential  reaction 
2Ca 

forming  the  E|  complex  (steps  I  and  2).  The  ATP  is  cleaved  with 

^  1  ATP 

(  SP  \ 

transfer  of  terminal  phosphate  to  the  active  site  aspartyl  group  I  E|  ) 

'  ^2Ca  ' 

followed  by  the  release  of  ADP  (step  3).  The  enzyme-bound  Ca2+  is  occluded 
in  a  form  that  is  not  released  in  the  presence  of  EGTA.  The  free  energy 
change  connected  with  ATP  cleavage  is  surprisingly  small,  and  the  ATP 
cleavage  step  is  rapidly  reversible,  leading  to  ATP-ADP  exchange.  In  step  4 
the  phosphorylated  enzyme  intermediate  changes  its  conformation 

EK  ->E2^ 

2Ca  2Ca 

with  a  decrease  of  its  affinity  for  Ca2+.  The  release  of  Ca2+  on  the  mem- 

brane  interior  (step  5)  is  followed  by  the  Mg2+-catalyzed  hydrolysis  of  E2 
intermediate  (step  6)  and  the  release  of  inorganic  phosphate  on  the  cytoplas¬ 
mic  side  of  the  membrane  (step  7).  The  cycle  is  completed  by  the  return  of 
the  carrier  from  the  E2  to  the  E,  conformation. 
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Fifare  4.2.  Reaction  scheme  of  the  Ca2*  transport  ATPase.  (Reproduced  from  De  Meis  and 
Vianna.  ref.  24.) 


3.  ATPase-ATPase  INTERACTIONS  IN  SARCOPLASMIC  RETICULUM  HI 

The  2Ca271ATP  stoichiometry  of  ATP-dependent  active  Ca2<  transport 
is  preserved  over  Ca2  +  gradients  [Caj  ]/(Ca„J  ranging  from  1 ,  at  the  beginning 
of  the  Ca2t  accumulation  into  microsomes,  to  approximately  1000,  when  the 
system  approaches  equilibrium.  At  first  glance  this  would  imply  that  the 
thermodynamic  efficiency  of  the  conversion  of  the  free  energy  of  ATP  hy¬ 
drolysis  into  the  electrochemical  Ca2+  gradient  is  less  at  the  beginning  of  the 
Ca2+  transport  ([Caj]/[Cao]  —  1)  than  near  equilibrium  ([Caj]/[Ca„]  —  1000); 
therefore,  if  not  obscured  by  heat  changes  connected  with  the  binding  of 
Ca2+  and  other  ions  to  the  membranes,  the  heat  liberation  per  mole  of  ATP 
hydrolyzed  should  decrease  as  [CajJ/ICaJ  increases.  This  prediction  would 
not  hold  if  osmotic  work,  like  the  mechanical  work  of  muscle  (Fenn  effect), 
results  in  extra  heat  liberation  or  if  the  free  energy  change  of  ATP  hydrolysis 
changes  as  the  function  of  Ca2+  gradient.  Calorimetric  studies  of  this  prob¬ 
lem  could  shed  new  light  on  the  energetic  aspects  of  the  transport  process. 

The  Ca2+  transport  is  fully  reversible.  Release  of  accumulated  Ca2  +  in  the 
presence  of  ADP  and  Pi  leads  first  to  a  Mg2+-dependent  phosphorylation  of 
the  enzyme  by  inorganic  phosphate,  followed  by  Ca2+-dependent  transfer  of 
the  enzyme-bound  Pi  to  ADP  forming  ATP.  The  net  result  is  the  formation  of 
one  mole  of  ATP  for  each  two  Ca2+  ions  released  across  the  membrane  (38). 
Ca2t  release  by  reversal  of  Ca2+  transport  requires  low  external  lCa2+],  high 
external  [ADP],  [Mg2+]  and  [Pi],  and  the  virtual  absence  of  ATP,  that  is, 
conditions  that  do  not  exist  in  the  cell.  Therefore  reversal  of  Ca2+  transport 
is  not  likely  to  play  a  significant  role  in  Ca2+  release  during  muscle  activa¬ 
tion  (57). 


3.  THE  REGULATION  OF  ATPase-ATPase 
INTERACTIONS  IN  SARCOPLASMIC  RETICULUM 

Crystalline  arrays  of  Ca2+-ATPase  develop  in  sarcoplasmic  reticulum  mem¬ 
branes  exposed  to  vanadate  (27,  28),  phosphate  (29),  or  lanthanide  (31)  ions. 


3.1.  Ca2+ -ATPase  Crystals  Induced  by  Na3VO« 

The  Ca2t -ATPase  crystals  induced  by  vanadate  contain  ATPase  dimers  as 
structural  units  (86,  87).  The  ATPase  dimers  interact  to  form  right-handed 
helical  dimer  chains  on  the  surface  of  the  crystalline  tubules  that  associate 
with  neighboring  dimer  chains  into  an  extended  cylindrical  lattice  (Fig.  4.3). 
Na3V04  induces  crystallization  by  acting  as  an  analog  of  inorganic  phos¬ 
phate.  Based  on  the  generally  accepted  mechanism  of  Ca2+  transport,  the 
vanadate-induced  crystallization  is  presumed  to  arise  from  the  stabilization 
of  the  E2  conformation  of  Ca2+ -ATPase  owing  to  the  formation  of  a  stable 
E2-vanadate  intermediate  by  reversal  of  reaction  step  7  (Fig.  4.2).  Inorganic 
phosphate  induces  crystallization  by  a  similar  mechanism,  but  the  ATPase 
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crystals  formed  with  inorganic  phosphate  are  less  frequent  and  are  disor¬ 
dered  compared  with  the  vanadate-induced  crystals  (29). 

The  crystallization  of  Ca2+- ATPase  by  vanadate  or  inorganic  phosphate  is 
optimal  at  a  medium  Ca2t  concentration  of  10  *  M  or  less.  Raising  the  free 
[Ca2,  |  of  the  medium  to  10  *•— 10  5  M  inhibits  crystallization  and  disrupts 
preformed  Ca2,-ATPase  crystals  (29);  we  presume  that  Ca2t  shifts  the  con¬ 
formational  equilibrium  of  Ca2,-ATPase  in  favor  of  the  Er  form  by  interac¬ 
tion  with  the  high-affinity  Ca2*-binding  site  of  the  enzyme.  ATP  (5  m M) 
interferes  with  crystallization,  presumably  by  the  same  mechanism. 

The  rate  of  crystallization  is  markedly  influenced  by  membrane  potential 
induced  by  ion  substitution  (II,  30).  Under  standard  conditions  several 


Figure  4.3.  Electron  micrographs  of  crystalline  arrays  of  Ca2+-ATPase  in  rabbit  sarcoplasmic 
reticulum.  (A-C)  Crystalline  arrays  of  Ca2*-ATPase  formed  in  the  presence  of  0.1  M  KCI.  10 
m M  imida/.ole  pH  7.4,  5  m M  MgCL.  0.5  m M  EGTA.  and  5  mM  Na,V04  at  2°C  for  48  h.  followed 
by  negative  staining  with  1%  uranyl  acetate.  The  crystals  are  usually  observed  on  the  surface  of 
elongated  tubules  that  are  close  to  700  A  in  diameter.  In  some  cases  the  crystalline  tubules 
emerge  from  spherical  profiles,  suggesting  that  formation  of  Ca2+-ATPase  crystals  imparts  the 
cylindrical  shape  on  the  vesicles.  On  spherical  surfaces  the  arrays  are  less  regular  and  occasion¬ 
ally  absent.  In  early  phases  of  crystallization.  ATPase  dimer  chains  are  occasionally  seen  in  the 
form  of  isolated  strands  that  gradually  enter  into  more  regular  lattice.  In  some  cases  ( B ,  C)  the 
crystalline  arrays  unravel,  revealing  dimer  chains  that  adhere  to  the  support  film.  Magnification: 
(A)  79.500;  (fl)  780,000;  (O  159.148.  </))  CV'-ATPase  crystals  induced  by  GdCI,.  Sarco¬ 
plasmic  reticulum  vesicles  were  incubated  in  0.1  M  KCI.  10  mM  imidazole  pH  7.2.  5  mM 
MgCL.  and  10  R  M  GdCI,  at  2°C  for  48  h.  and  samples  were  taken  for  negative  staining  with  \% 
uranyl  acetate.  Magnification;  x 3 1 1 ,248.  If)  Ereeze-etched.  rotary  shadowed  image  of  a  crys¬ 
talline  array  of  C’a2  ‘  -  ATPase  in  rabbit  sarcoplasmic  reticulum.  The  crystals  were  induced  with  5 
mM  Na,V04.  under  conditions  similar  to  those  described  in  Fig.  4.5.  (A-C).  The  micrograph 
is  printed  with  reverse  contrast.  The  ATPase  dimers  are  arranged  in  chains  oriented  obliquely 
(arrow)  to  the  long  axis  of  the  SR  tubule.  The  inset  shows  an  averaged  image  of  ATPase  dimer 
obtained  by  photographic  superimposition  of  several  dimers;  each  monomer  of  a  dimer  appears 
to  contain  two  domains.  The  two  arrows  (in  the  inset)  indicate  the  orientation  of  the  long  axis  of 
the  chain.  Magnification:  x 260.000;  inset  x  1 ,500,000. 
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hours  are  required  for  the  formation  of  crystalline  arrays  of  Ca2+ -ATPase 
over  the  surface  of  50%  of  the  vesicles.  Inside  positive  potential  produced  by 
transfer  of  vesicles  from  choline-chloride  into  K-glutamate  medium  or  from 
Na-methanesulfonate  into  K-methanesulfonate  +  valinomycin  increases  the 
rate  of  vanadate-induced  crystallization  to  such  extent  that  within  one  min¬ 
ute  crystals  form  in  about  one-half  of  the  vesicle  population  (30).  Inside 
negative  potential  disrupts  preformed  Ca2+-ATPase  crystals  (30).  The  effects 
of  Ca2+,  ATP,  and  membrane  potential  on  the  vanadate-induced  crystalliza¬ 
tion  indicate  that  the  interaction  of  ATPase  molecules  in  the  membrane 
depends  on  enzyme  conformation  and  sensitively  responds  to  physiologi¬ 
cally  important  effectors. 

Analysis  of  digital  Fourier  transforms  calculated  from  images  of  the  nega¬ 
tively  stained  crystalline  arrays  yielded  the  averaged  electron  density  map 
shown  in  Fig.  4.4.  The  unit  cell  dimensions  derived  from  low-dose  electron 
micrographs  are  a  =  65.9  A,  b  =  114.4  A,  and  y  =  77.9°  (87).  The  space 
group  of  the  crystal  is  P2.  The  space  group  and  unit  cell  dimensions  are 
consistent  with  ATPase  dimers  as  structural  units  and  lead  to  the  proposition 
that  the  crystalline  tubules  are  formed  through  lateral  aggregation  of  right- 
handed  helical  chains  made  up  of  dimers  of  Ca2+ -ATPase  molecules.  The 
diameter  of  the  crystalline  tubules  is  about  600-700  A;  this  implies  that  a 
lateral  array  of  9-10  dimer  chains  is  required  to  cover  the  surface  of  the 
cylinder.  The  striking  regularity  of  the  shape  of  crystalline  tubules  implies 
that  the  curvature  of  the  membrane  surface  is  an  important  determinant  of 
the  stability  of  crystal  lattice.  So  far  we  have  not  been  able  to  produce  flat 
crystalline  "sheets"  of  the  Ca2+-ATPase,  although  such  sheets  are  the  pre¬ 
ferred  forms  of  two-dimensional  crystals  for  most  other  membrane  enzymes 
(47),  including  the  Na\K+-ATPase  (40,  80). 

3J2.  Characterization  of  Bonds  Involved  in  ATPase— ATPase 

Interactions 

The  formation  of  crystalline  Ca2+-ATPase  arrays  requires  at  least  three 
types  of  ATPase- ATPase  interactions.  These  oonds  involve  distinct  regions 
of  the  ATPase  molecules  and  are  characterized  by  unique  stabilities  under 
various  experimental  conditions. 

Ca2*  -ATPase  Dimers  (Site  A).  Excimers  are  defined  as  dimers  that  exist 
only  within  the  lifetime  of  excited  electronic  states.  Covalent  labeling  of  the 
Ca2+  transport  ATPase  in  sarcoplasmic  reticulum  vesicles  with  pyrenema- 
leimide  at  a  dye/ATPase  mole  ratio  of  1 : 2  gives  rise  to  an  excimer  fluores¬ 
cence  with  an  emission  maximum  of  about  460  nm  (48).  Since  each  ATPase 
molecule  on  the  average  contains  less  than  1  mole  covalently  bound  pyrene- 
maleimide,  the  excimer  fluorescence  was  taken  to  indicate  interaction  be¬ 
tween  ATPase  molecules  in  the  native  membrane  (48).  Such  interactions 
were  inferred  earlier  from  (1)  Forster-type  fluorescence  energy  transfer  be- 
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Figure  4.4.  Electron  density  maps  of  Ca2*-ATPase  crystals.  The  density  map  (top  figure)  was 
calculated  in  space  group  PI  using  the  averaged  structure  factors  of  the  low-dose  data  from 
electron  micrographs.  Heavy  contours  represent  stain-excluding  regions  (protein),  lighter  con¬ 
tours  represent  negative  stain.  The  unit  cell  as  drawn  contains  ATPase  dimers  clustered  around 
two-fold  rotation  axes  at  the  comer  of  the  unit  cell.  The  ribbons  of  dimers  that  run  parallel  to  the 
a  axis  of  the  crystal  correspond  to  the  right-handed  helices  in  the  electron  micrograph  (bottom 
figure)  and  in  the  computer-reconstructed  density  map  folded  into  a  cylinder  (middle  figure). 
The  observer  is  looking  at  the  outer  surface  of  the  tubule.  The  bonding  regions  involved  in  the 
formation  of  dimers  (A),  dimer  chains  (B)  and  extended  lattice  (C)  are  indicated.  Top  figure  map 
scale:  0.306  mm/A.  Middle  figure  map  scale:  0.0457  mm/A.  Bottom  figure  magnification: 
x  137,892.  (For  details  see  Taylor  et  al.,  ref.  87.) 
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tween  ATPase  molecules  labeled  with  donor  or  acceptor  fluorophores  in 
reconstituted  membranes  (90,  94);  (2)  electron  spin  resonance  studies  (6); 
and  (3)  ultracentrifuge  sedimentation  and  gel  exclusion  chromatography  data 
on  detergent-solubilized  ATPase  preparation  (for  review  see  ref.  66). 

The  excimer  fluorescence  of  covalently  bound  pyrenemaleimide  is  insen¬ 
sitive  to  moderate  concentrations  of  neutral  detergents  (Brij  35,  Triton 
X-100,  octylglucoside,  CnE*;  Fig.  4.5);  to  zwitterionic  detergents  of  short 
alkyl  chain  length  (Zwittergent  3-08;  Fig.  4.6);  to  Ca2+  (10  5  A/),  and  ATP  (5 
mA/),  that  is,  conditions  that  disrupt  the  vanadate-induced  crystals  of  Ca2+- 
ATPase.  The  pyrenemaleimide  excimer  fluorescence  is  inhibited  by  more 
powerful  detergents  (sodium  dodecylsulfate,  lysolecithin,  sodium  deoxy- 
cholate  (Fig.  4.5),  zwittergents  3-12  through  3-16  (Fig.  4.6),  or  brief  heat 
treatment  of  microsomes  (5  min  at  70°C),  together  with  inhibition  of  ATPase 
activity.  The  inhibition  of  excimer  fluorescence  in  the  presence  of  detergents 
is  accompanied  by  an  increase  in  the  fluorescence  of  covalently  bound 
pyrenemaleimide  monomers  measured  at  375  and  395  nm  (Fig.  4.5A,  B  ;  Fig. 
4.6 A,  B). 

The  validity  of  pyrenemaleimide  (PMI)  excimer  fluorescence  as  an  indica¬ 
tor  of  ATPase-ATPase  interactions  depends  to  a  large  extent  upon  the  pre¬ 
sumed  selective  labeling  of  one  SH  group  per  ATPase  molecule  by  pyrene¬ 
maleimide,  under  the  conditions  described  by  Ludi  and  Hasselbach  (48). 

Exhaustive  peptic  digestion  of  ATPase  labeled  with  pyrenemaleimide  at  a 
mole  ratio  of  1 ;  1  did  not  yield  a  distinct  fluorescent  PMI-peptide  after 
separation  by  thin  layer  chromatography  on  silica-gel  (Sil  G-25,  Macherey- 
Nagel  and  Co.)  or  on  cellulose  MN  300  (Cel  300-10,  Macherey-Nagel 
and  Co.)  plates  using  the  following  solvent  systems:  A-butanol :  acetic 
acid  :  H:0,  4(H) :  1  (K) :  1 00  (v/v),  «-butanol :  pyridine  :  acetic  acid:H20, 
244:378:76:302  (v/v),  and  isoamylalcohol :  acetic  acid :  H20  (v/v) 

350:350:280  as  solvents.  These  observations  imply  that  the  covalently 
bound  PMI  was  distributed  more  or  less  evenly  among  several  peptide  bands 
and  therefore  reacts  with  several  distinct  SH  groups  within  each  ATPase 
molecule.  Should  this  conclusion  be  confirmed  by  direct  labeling  of  the 
ATPase  with  l4C-pyrenema!eimide,  the  excimer  fluorescence  of  PMI-labeled 
sarcoplasmic  reticulum  may  have  to  be  viewed  as  an  intramolecular  probe  of 
conformational  changes  rather  than  an  intermolecular  indicator  of  interac¬ 
tions  between  ATPase  molecules.  The  significance  of  the  observations  of 
Ludi  and  Hasselbach  (48)  and  of  the  data  presented  in  Fig.  4.5  and  4.6  with 
respect  to  the  problem  of  ATPase-ATPase  interactions  thus  depends  upon 
the  identification  of  the  site(s)  of  reaction  of  PMI  with  the  Ca-ATPase. 

The  functional  significance  of  ATPase  oligomers  is  still  debated  (66).  Con¬ 
ditions  that  permit  interaction  between  ATPase  molecules  increase  the  sta¬ 
bility  of  the  enzyme  against  inactivation  by  EGTA  to  the  extent  observed  in 
native  membranes  and  exert  major  influence  upon  the  reactivity  of  SH 
groups  with  dithionitrobenzoate  (DTNB).  Comparative  kinetic  analysis  of 
detergent-solubilized  ATPase  monomers,  oligomers,  and  native  sarcoplas- 
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Figure  4.5.  Effect  of  various  detergents  on  the  monomer  and  excimer  fluorescence  of  /V-(l- 
pyrenelmaleimide  labeled  sarcoplasmic  reticulum.  To  0.1  mg  of  pyrenemaleimide  labeled  SR, 
suspended  in  50-/R  solution  A  (80  m M  KC1,  5  m M  MgCL ,  0.5  m M  Ca  Cl2 . 0.45  m M  EGTA.  and 
20  mM  MOPS  buffer,  pH  7.0),  0-4  mg  of  detergents  were  added  from  a  10  mg/ml  stock  solution 
in  10  mM  Tris-maleate  pH  7.0.  After  10-min  incubation  at  23°C,  the  mixture  was  diluted  to  2.0 
ml  final  volume  with  solution  A.  and  the  spectra  were  recorded.  The  final  protein  concentration 
was  0.050  mg/ml.  The  final  detergent  concentration  ranged  between  0.03  and  2  mg/ml.  The 
emission  spectra  were  recorded  at  an  excitation  wavelength  of  342  nm.  Excitation  and  emission 
slits  were  both  4  nm.  and  the  temperature  was  23°C.  The  relative  fluorescence  intensities  at 
emission  wavelengths  of  (A).  375  </#)  395.  and  (O  460  nm  were  calculated  from  emission 
spectra.  The  emission  maximum  of  the  excimer  band  is  at  460  nm  (r);  the  fluorescence  intensi¬ 
ties  of  the  detergent-containing  solutions  were  normalized  to  the  corresponding  spectra  re¬ 
corded  in  the  absence  of  detergents  and  plotted  as  the  function  of  detergent  concentration. 
Symbols:  A.  lysolecithin;  □.  sodium  dodecylsulfate  (SDS):  ■,  K-deoxycholate  (DOC):  +. 
Triton  X-100;  A.  octylglucoside:  •.  C^E*;  O,  Brij-35. 

For  experiments  with  SDS.  solution  A  was  replaced  with  a  K-free  solution  containing  0. 15  M 
chlorine  chloride.  5  m M  MgC'L .  0.5  m M  EGTA.  0.45  m M  CaCI2,  10  m M  histidine.  pH  6.8.  (G. 
Kracke  and  A.  Martonosi,  in  preparation.) 
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Figure  4.6.  Effect  of  zwitterionic  detergents  on  the  monomer  and  excimer  fluorescence  of  the 
N-(I-pyrene)maleimide  labeled  sarcoplasmic  reticulum.  The  relative  fluorescence  intensities  of 
the  detergent-containing  solutions  measured  at  (A)  375  nm,  ( B )  395  nm,  and  (C)  460  nm  were 
normalized  to  the  corresponding  spectra  taken  in  the  absence  of  detergent  and  plotted  against 
the  final  concentration  of  the  detergent.  The  emission  maximum  of  the  excimer  fluorescence  is 
at  460 nm  (C).  Symbols  (Zwittergent  alkyl  chain  length)  •,  3-08;  O,  3-10:  □,  3-12;  A,  3-14;  +, 
3-16.  (G.  Kracke  and  A.  Martonosi,  in  preparation.) 


mic  reticulum  membranes  reveals  only  minor  differences  between  them, 
suggesting  that  most  elementary  reaction  steps  of  the  Ca2' -activated  ATP 
hydrolysis  can  be  performed  by  ATPase  monomers.  It  remains  to  be  deter¬ 
mined  whether  the  ATP-energized  Ca2+  translocation  across  the  membrane 
can  also  be  catalyzed  by  ATPase  monomers. 

The  Formation  of  Dimer  Chains  (Site  B).  Isolated  chains  of  ATPase  dimers 
were  frequently  observed  during  early  phases  of  the  vanadate-induced  crys¬ 
tallization  followed  by  lateral  association  into  the  extended  crystal  lattice 
(29).  These  observations  imply  that  Ca2+-ATPase  dimer  chains  represent 
kinetically  significant  intermediates  that  accumulate  during  early  phases  of 
the  crystallization. 
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The  bonds  that  link  the  ATPase  dimers  into  dimer  chains  (site  B)  are 
presumed  to  be  located  at  the  two  ends  of  the  pear-shaped  ATPase  profiles, 
where  the  electron  density  map  reveals  close  contact  between  ATPase  mole¬ 
cule.,  (Fig.  4.4).  Dimer  chains  of  considerable  length  occur  only  in  the  pres¬ 
ence  of  vanadate  and  EGTA,  suggesting  that  stable  interactions  by  way  of 
site  B  are  only  possible  between  ATPase  molecules  of  identical  (E2)  confor¬ 
mation.  Dimer  chains  were  not  observed  even  in  the  presence  of  vanadate  if 
the  medium  contained  10-5  M  Ca2+  or  5  mM  ATP.  The  unique  geometry  of 
bond  B  is  likely  to  contribute  to  the  right-handed  helical  turn  of  the  dimer 
chains  on  the  surface  of  cylinders.  Preferential  association  of  dimers  into 
tetramers  may  occur  under  the  conditions  of  freeze-fracture  electron  micros¬ 
copy  (71,  72).  This  would  account  for  the  size  of  the  85-A  diameter  intra- 
membranous  particles  seen  by  freeze-etch  electron  microscopy  and  for  the 
approximately  4 :  1  ratio  of  surface  to  intramembranous  particles  (45). 

Separation  of  dimer  chains  was  observed  during  hypotonic  lysis  of  crys¬ 
talline  vesicles  (29),  suggesting  that  the  bonds  that  stabilize  the  dimer  chains 
(bonds  A  and  B)  are  mechanically  stronger  than  the  bonds  that  link  them  into 
lateral  register.  Treatment  of  crystalline  vesicles  with  0. 1-0.5  mg  of  Triton 
X-100  per  milligram  of  protein  disrupted  the  dimer  chains,  although  it  was 
insufficient  to  cause  lysis  of  the  vesicles  and  had  little  effect  on  the  excimer 
fluorescence  of  pyrenemaleimide  covalently  attached  to  the  Ca2  +  -ATPase. 
These  observations  suggest  that  the  interactions  at  bond  B  are  influenced  by 
the  properties  of  the  lipid  phase  of  the  membrane.  The  formation  of  dimer 
chains  is  probably  governed  by  the  mechanism  of  fibrous  condensation  (70) 
with  a  critical  protein  concentration  significantly  below  the  concentration  of 
Ca2 '-ATPase  in  the  membrane. 

Formation  of  Crystal  Lattice  (Site  C).  Extended  crystalline  arrays  form  by 
lateral  association  of  dimer  chains  (27,  86,  87),  through  contacts  established 
by  the  contiguous  regions  of  ATPase  molecules  depicted  in  Fig.  4.4  as  the 
probable  location  of  binding  site  C.  The  formation  of  dimer  chains  may 
create  the  necessary  conditions  for  their  subsequent  association  into  crystal¬ 
line  arrays  by  proper  orientation  of  the  ATPase  molecules.  In  line  with  this 
suggestion,  isolated  dimer  chains  are  transient  features  during  crystalliza¬ 
tion,  and  conditions  that  interfere  with  the  formation  of  bonds  at  site  B 
(Ca2+,  ATP,  inside  negative  membrane  potential,  detergents,  etc.)  also  inhi¬ 
bit  lattice  development.  The  existence  of  large  amounts  of  isolated  dimer 
chains  observed  during  osmotic  lysis  of  crystalline  vesicles  (Fig.  4.3)  may  be 
due  to  stabilization  by  the  support  film  in  statu  nascendi  (Fig.  4.3). 


3.3.  Crystallization  of  Ca3'1' -ATPase  by  Lanthanide  Ions 

The  lanthanide  ions — gadolinium  and  lanthanum — effectively  compete  with 
Ca2'  for  the  high-affinity  binding  sites  of  Ca2' -ATPase  (36)  and  induce  the 
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formation  of  a  crystal  lattice  in  sarcoplasmic  reticulum  that  appears  to  he 
different  visually  from  the  vanadate-induced  ATPase  crystals  (Fig.  4.3). 
Based  on  the  reaction  scheme  of  CV  transport  (Fig.  4.2),  we  assume  that 
the  CV -ATPase  crystals  induced  by  lanthanide  ions  reflect  the  stabilization 
of  the  K|  conformation  of  the  enzyme.  If  this  assumption  is  correct,  compari¬ 
son  of  the  CV -ATPase  structures  derived  from  the  lanthanide  E|  and  vana¬ 
date  Fo  crystals  should  give  detailed  molecular  information  about  the  confor¬ 
mation  change  of  the  enzyme  connected  with  CV  translocation. 


4.  THE  CONTROL  OF  CYTOPLASMIC  [Ca2+]  BY 
SARCOPLASMIC  RETICULUM 

Sarcoplasmic  reticulum  alternates  between  two  functional  states  during  the 
contraction-relaxation  cycle. 

1.  Contraction  is  initiated  by  Ca2+  release  from  sarcoplasmic  reticulum, 
triggered  by  the  depolarization  of  T  tubules  (for  review  see  ref.  57). 
The  details  of  the  process  are  not  clear,  but  a  voltage-dependent 
charge  movement  during  muscle  activation  indicates  the  involvement 
of  a  gated  CV  channel. 

2.  Muscle  relaxation  is  caused  by  the  active  accumulation  of  Ca2+ 
into  the  sarcoplasmic  reticulum.  The  rate  of  Ca2+  transport  is  regu¬ 
lated  at  several  levels: 

a.  Control  of  the  activity  of  Ca2+-ATPase  by  CV  and  pH. 

b.  Ca2+-ATPase  isoenzymes. 

c.  The  effect  of  membrane  lipid  composition. 

d.  The  effect  of  membrane  potential. 

e.  The  regulation  of  the  cellular  concentration  of  Ca2+-ATPase. 

The  various  mechanisms  of  regulation  are  discussed  in  turn. 

4.1.  Kinetic  Regulation  of  Ca*+  Transport:  The  Effect  of 
Substrates  and  pH 

The  Effects  of  Calcium.  The  concentrations  of  Mg  and  ATP  are  relatively 
constant  during  the  contraction-relaxation  cycle,  and  the  short-term  regula¬ 
tion  of  the  Ca2+  transport  activity  of  sarcoplasmic  reticulum  depends  largely 
on  the  sarcoplasmic  and  intravesicular  CV  concentration.  The  sarcoplas¬ 
mic  CV  concentration  in  resting  skeletal  muscle  is  about  10”8  M  and  may 
rise  during  muscle  contraction  to  10” ft— 10  -s  M.  The  Ca2+-dependent  ATPase 
activity  of  sarcoplasmic  reticulum  vesicles  or  solubilized  ATPase  prepara¬ 
tions  has  an  apparent  KmCa  of  about  10  7  M ,  which  reflects  the  affinity  of  the 
enzyme  for  Ca2+  in  the  E|  conformation.  The  Ca2+  dependences  of  ATP 
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hydrolysis,  enzyme  phosphorylation,  ATP:  ADP  exchange,  and  Ca2+  tran¬ 
sport  are  similar  and  show  positive  cooperativity  with  a  Hill  coefficient  close 
to  2;  this  is  consistent  with  the  2Ca2+/l  ATP  stoichiometry  of  Ca2+  transport. 
As  the  Ca2f  concentration  is  increased  above  10  4  M ,  an  inhibition  of 
ATPase  activity  is  observed  in  solubilized  or  leaky  vesicles,  which  is  nearly 
complete  at  10  2  M  Ca2* .  The  A7Ca  =  1 0  3  M  is  assumed  to  reflect  the 
affinity  of  the  enzyme  for  Ca2t  in  the  E2  conformation.  These  data  were 
rationalized  in  terms  of  three  sets  of  Ca2+  binding  sites  (43).  The  a  sites 
(Kdiss  —  10  7  M )  are  involved  in  the  recognition  of  Ca2+  on  the  cytoplasmic 
side  of  the  membrane,  whereas  the  y  sites  -  10  ■’  M)  are  the  internal 
binding  sites  instrumental  in  the  inhibition  of  the  enzyme  at  high  intravesicu- 
lar  Ca2+  concentration.  The  functional  assignment  of  (i  sites  is  unclear.  The 
inhibition  of  ATPase  activity  and  Ca2+  transport  at  a  |Ca2f  |  of  several  milli- 
molar  reflects  the  shift  of  the  equilibrium  of  step  5  in  the  reaction  scheme 

2Ca 


shown  in  Fig.  4.2  in  favor  of  the  E{ 


form. 


In  resting  muscle  essentially  all  the  Ca2'  content  is  sequestered  in  the 
sarcoplasmic  reticulum  (83).  Assuming  a  sarcoplasmic  reticulum  content  of 
5-10  mg  SR  protein  per  gram  muscle,  an  SR  volume  of  5  /xl/mg  protein  (25). 
and  a  total  calcium  content  of  approximately  2  q.mol  calcium  per  gram 
muscle,  the  estimated  intravesicular  Ca2+  concentration  in  sarcoplasmic  re¬ 
ticulum  of  resting  muscle  is  of  the  order  of  10-20  mM.  This  implies  that  in 
resting  muscle  with  a  cytoplasmic  Ca2+  concentration  of  10  x  M  and  an 
intravesicular  [Ca2t]  of  10-20  mM  the  [Ca2+]  pump  is  completely  inhibited, 

2Ca 

and  the  dominant  enzyme  form  is  probably  the  E2 

^  P 

During  activation  of  muscle  contraction,  Ca2+  is  released  from  the  sarco¬ 
plasmic  reticulum.  The  amount  of  Ca2'  released  during  a  single  twitch  is 
probably  of  the  order  of  0.5  /amol/g  muscle.  The  rise  in  cytoplasmic  ( Ca2 '  ] 
and  the  corresponding  decrease  in  intravesicular  |Ca2']  activate  the  Ca2' 
pump.  The  activation  is  likely  to  involve  a  complex  reaction  sequence.  As 

2Ca 

the  Ca2'  pump  in  the  resting  muscle  is  probably  trapped  in  the  E2 


form,  the  decrease  in  intravesicular  (Ca2 ' )  should  first  promote  Ca2'  release 
„  -Ca 


from  the  E/ 


(step  5)  followed  by  the  Mg2 '-catalyzed  cleavage  of  E2 


P  yielding  inorganic  phosphate  (steps  6-7)  and  the  return  of  the  enzyme  to 
the  E|  form  (step  8).  Only  after  the  completion  of  these  reactions  can  a  new 
cycle  of  Ca2'  uptake  begin.  As  isomerization  of  the  E2  into  E|  enzyme  form 
(step  8)  is  usually  viewed  as  a  slow  reaction  (23),  completion  of  steps  5-8  may 
introduce  a  significant  lag  between  Ca2’  release  and  the  initiation  of  the 
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reabsorption  of  Ca2*.  The  reaccumulation  of  0.5  /amol  calcium  per  gram 
muscle  with  a  Ca2*  pump  content  of  0.08  /i.mol/g  muscle  (i.e. ,  about  10  mg 
SR  protein  per  gram  muscle)  would  require  about  three  cycles  of  Ca2+ 
transport. 

Posttranslational  Modification  of  Ca2+-ATPase.  Ca2*-calmodulin-depen- 
dent  phosphoryh  tion  of  Ca2+-ATPase  may  alter  the  kinetics  of  Ca2*  trans¬ 
port  (for  review  see  ref.  34),  but  the  significance  of  this  process  is  not  fully 
established. 


The  Effects  of  ATP.  The  complex  dependence  of  Ca2*  transport  and  ATP 
hydrolysis  on  ATP  concentration  suggests  that  in  addition  to  its  role  as 
substrate  (Km  -  I  p.M),  ATP  at  higher  concentration  interacts  with  a  regula¬ 
tory  site  on  the  enzyme  (Km  —  1  m M)  and  activates  ATP  hydrolysis  and 
Ca2*  transport  (26,  91,  96).  Since  significant  changes  in  ATP  concentration 
do  not  accompany  muscle  contraction,  and  at  a  cytoplasmic  ATP  concentra¬ 
tion  of  approximately  5  m M  the  regulatory  site  of  ATP  is  near  saturation,  the 
regulatory  significance  of  the  low-affinity  ATP-binding  site  is  unclear. 

The  Effects  of  pH.  The  Ca2+  transport  activity  of  sarcoplasmic  reticulum  is 
characterized  by  a  pH  optimum  around  pH  7.0  and  a  sharp  decline  of  Ca2* 
transport  at  mildly  alkaline  pH.  The  decrease  in  transport  activity  at  alkaline 
pH  is  accompanied  by  an  increase  in  the  Ca2+  permeability  of  the  membrane 
(25).  Contrary  to  earlier  suggestions  (68,  82),  the  pH-induced  changes  in  the 
transport  activity  and  Ca2+  permeability  of  the  membrane  are  not  likely  to 
play  a  physiological  regulatory  role  in  Ca2+  release,  since  the  cytoplasmic 
pH  during  muscle  contraction  changes  only  by  0.004  pH  units  (8). 


4 Jl.  "Isoenzymes”  of  Ca*  +  -ATPase  in  Muscles  of  Different 
Fiber  rIVpes  and  in  Nonmuscle  Cells 

The  ATP-dependent  Ca2'  pump  is  present  in  the  endoplasmic  reticulum  of 
all  animal  and  plant  cells  that  have  been  tested  (56).  The  cellular  concentra¬ 
tion  of  the  Ca2'  pump  varies  widely,  depending  on  physiological  require¬ 
ments.  In  smooth,  slow-twitch  skeletal  and  cardiac  muscles  the  sarcoplas¬ 
mic  reticulum  is  sparsely  developed,  compared  with  fast-twitch  skeletal 
muscles,  where  it  may  constitute  90%  of  the  total  membrane  mass  of  the 
cell. 

Corresponding  differences  were  observed  in  the  Ca2*  transport  activity  of 
crude  microsome  preparations  isolated  from  slow-  or  fast-twitch  skeletal  and 
cardiac  muscles.  In  general  there  is  good  correlation  between  twitch  velocity 
and  the  extent  of  development  of  sarcoplasmic  reticulum.  Particularly  exten¬ 
sive  development  of  sarcoplasmic  reticulum  is  observed  in  the  loadfish  swim 
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bladder  muscle  that  can  perform  2(H)— 3(X)  contractions  per  second  (33),  and 
in  the  fast-acting  motor  muscle  of  the  lobster  second  antenna  which  must 
operate  at  high  speed  at  low  temperature  (75). 

The  differences  in  Ca2t  transport  activity  are  largely  due  to  a  higher 
concentration  of  Ca2+  pump  molecules  in  fast-twitch  as  compared  with  slow- 
twitch  muscles.  There  are  two  possible  explanations  of  these  findings: 

1.  Differences  in  Ca2+  pump  density  in  the  “sarcoplasmic  reticulum” 
membranes  of  slow-twitch  and  fast-twitch  muscles.  In  fact,  the  den¬ 
sity  of  85-A  intramembranous  particles,  usually  associated  with  the 
Ca2+-ATPase,  differs  only  by  a  factor  of  2  between  sarcoplasmic 
reticulum  membranes  of  slow  and  fast  skeletal  muscles  (16),  although 
the  Ca2+  transport  activity  of  isolated  membranes  differs  by  an  order 
of  magnitude. 

2.  Differences  in  the  relative  amount  of  sarcoplasmic  reticulum  as  com¬ 
pared  with  other  membrane  elements  in  microsomes  isolated  from 
slow-  as  compared  with  fast-twitch  muscle. 

The  second  explanation  is  supported  by  the  observation  that  the  propor¬ 
tion  of  vesicles  containing  Ca2,-ATPase  crystals  in  microsome  preparations 
isolated  from  rat  muscles  of  different  fiber  types  (semimembranosus,  levator 
ani,  extensor  digitorum  longus,  diaphragm,  soleus,  heart)  correlates  well 
with  the  Ca2  + -ATPase  content  and  Ca2+ -modulated  ATPase  activity  (Table 
4.1;  ref.  32).  This  implies  that  the  concentration  of  Ca2+-ATPase  in  sarco¬ 
plasmic  reticulum  membranes  of  fast  and  slow  skeletal  and  cardiac  muscles 
differs  only  slightly.  The  low  Ca2t  transport  activity  of  crude  microsome 
preparations  isolated  from  red  skeletal  and  cardiac  muscles  is  due  to  the 
presence  of  large  amount  of  contaminating  non-SR  membrane  elements. 

Since  the  crystalline  arrays  of  Ca2+-ATPase  extend  over  much  of  the 
surface  of  the  vesicles,  the  ATPase  content  of  sarcoplasmic  reticulum  mem¬ 
branes  in  adult  muscles  of  diverse  fiber  composition  is  close  to  physical 
saturation.  Therefore  the  sarcoplasmic  reticulum  content  of  a  given  muscle 
in  adult  animals  is  probably  regulated  by  changing  the  total  amount  of  sarco¬ 
plasmic  reticulum  of  relatively  constant  ATPase  content,  rather  than  by 
changing  the  concentration  of  Ca2+-ATPase  in  the  membrane.  As  the  Ca2+ 
transport  ATPase  is  cotranslationaily  synthesized  on  polysomes  bound  to 
the  surface  of  the  sarcoplasmic  reticulum  (for  review  see  ref.  54),  its  synthe¬ 
sis  and  insertion  may  be  inhibited  when  the  membrane  is  fully  saturated  by 
the  enzyme.  The  average  distance  between  ATPase  molecules  in  the  mem¬ 
brane  is  only  about  100-200  A;  therefore  it  is  possible  that  the  hydrophilic 
head  portions  of  the  ATPase  molecules  interfere  with  the  attachment  of  the 
polysomes  to  the  membrane,  which  causes  the  inhibition  of  ATPase  synthe¬ 
sis  when  the  ATPase  concentration  rises  above  a  certain  level.  If  this  hy¬ 
pothesis  is  correct,  the  sarcoplasmic  reticulum  content  of  a  muscle  may  be 
largely  determined  by  the  availability  of  relatively  phospholipid-rich  and 
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TABLE  4.1.  COMPARISON  OF  CRYSTALLIZATION  INDEX,  Ca2+ -ATPASE 
CONTENT  AND  ATPase  ACTIVITIES  IN  MICROSOMES  FROM  DIFFERENT 
MUSCLES 


Ca2*-  Vanadate- 

Activated  Inhibited 

ATPase'  ATPase'2 


Crystallization  ATPase 


Muscle 

Type 

Index" 

Content  (%)h 

(/umolPi/mg/min) 

Rat 

semimembr. 

Fast  glycolytic 

36.22  ± 

2.92 

(3) 

48.20 

1.93 

1.56 

Rat  lev.  ani 

Fast  glycolytic 

44.45  ± 

4.90 

(4) 

59.27 

2.30 

2.24 

Rat  ext.  dig. 

long. 

Fast  oxidative 

40.45  ± 

10.25 

(4) 

47.00 

1.29 

0.97 

Rat  diaphragm 

Mixed  oxidative 

32.77  ± 

8.10 

(4) 

30.68 

1.68 

1.74 

Rat  soleus 

Slow  oxidative 

10.71  ± 

6.28 

(4) 

16.30 

0.36 

0.45 

Rat  heart 

— 

6.01  ± 

3.01 

(5) 

8.49 

0.30 

0.21 

Rabbit  longiss. 

dorsi  and 

quadr.  fem. 

Fast  glycolytic 

65.87  t 

10.80 

(3) 

61.1 

— 

— 

Rabbit  soleus 

Slow  oxidative 

6.32  ± 

3.39(15) 

18.3 

— 

— 

"  The  crystallization  of  Ca2*-ATPase  was  induced  by  Na,V04  as  described  in  Fig.  4.3.  The  crystalliza¬ 
tion  index  gives  the  number  of  vesicles  with  crystalline  regions  on  portions  of  their  surface  expressed 
as  percent  of  the  total  number  of  vesicles.  The  presence  of  clearly  identifiable  crystalline  regions  on  the 
surface  of  a  vesicle  implies  that  it  is  derived  from  the  sarcoplasmic  reticulum.  The  number  of  experi¬ 
ments  is  in  parentheses. 

*  The  ATPase  content  was  determined  by  computerized  densitometry  of  SDS  gel  electrophoretic 
patterns  of  solubilized  microsomes  from  various  sources. 

‘  The  Ca2*-activated  ATPase  activity  was  measured  as  described  earlier  (14)  in  a  medium  of  0.1  M 
KCI,  10  mW  imidazole  pH  7.4,  5  m M  MgCL,  0.5  mM  EGTA.  5  fiM  A23187.  0.45  m M  CaCL.  and  5  m M 
ATP  at  25°C.  Fore  measurement  of  the  Ca2*-insensitive  ATPase  the  CaCL  was  omitted. 
d  The  vanadate  inhibition  of  ATPase  activity  was  tested  in  the  presence  of  I  mAf  Na4V04  (32). 


ATPase-poor  membrane  surfaces  with  attachment  sites  for  Ca2+-ATPase 
polysomes. 

The  dimensions  of  the  Ca2+-ATPase  crystal  lattice  are  similar  in  SR  mem¬ 
branes  of  different  types;  therefore  if  structural  differences  exist  between 
“isoenzymes”  of  Ca2+-ATPase,  these  are  not  reflected  in  the  crystal  lattice. 
Although  the  existence  of  Ca2+-ATPase  isoenzymes  in  different  fiber  types 
remains  a  distinct  possibility,  the  kinetic  (85,  93)  and  immunological  (19,  22, 
92),  evidence  now  available  does  not  prove  their  existence  conclusively.  The 
relatively  small  kinetic  differences  between  Ca2+  pumps  of  fast  and  slow 
skeletal  or  cardiac  muscles  may  arise  entirely  from  differences  in  lipid  com¬ 
position  (15).  The  observed  immunological  differences  pose  a  dilemma  in 
view  of  the  strong  cross-reaction  between  antibodies  against  the  Ca2+  trans¬ 
port  ATPase  of  rabbit  sarcoplasmic  reticulum  and  the  Ca2+  pump  isolated 
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from  the  slime  mold  (99).  Clearly,  data  are  needed  on  the  amino  acid  se¬ 
quence  of  Ca2  f-ATPases  isolated  from  muscles  of  different  fiber  types  within 
a  given  species  to  substantiate  the  claim  of  the  existence  of  structurally 
distinct  Ca2  +  -ATPase  isoenzymes.  Similarly,  the  interpretation  of  the  ob¬ 
served  changes  in  the  Ca2+  transport  activity  of  sarcoplasmic  reticulum  after 
cross-innervation  or  chronic  stimulation  (46)  requires  clear  demonstration 
that,  in  addition  to  changes  in  the  cellular  concentration  of  pump  molecules, 
changes  in  “isoenzyme”  composition  also  occur. 

4.3.  The  Effect  of  Membrane  Lipid  Composition 

The  Ca2+  transport  activity  of  sarcoplasmic  reticulum  is  absolutely  depen¬ 
dent  on  membrane  phospholipids  (50,  58,  61,  62).  Based  on  reconstitution 
experiments  with  phospholipids  of  known  fatty  acid  composition,  optimum 
Ca2+  transport  activity  is  defined  largely  by  the  chain  length  and  unsatura¬ 
tion  of  the  fatty  acyl  residues,  without  evidence  for  unique  requirement  for 
specific  phospholipids  (for  reviews  see  refs.  12,  58).  These  observations 
suggest  that  the  “microviscosity”  of  lipids  in  the  environment  of  the  protein 
exerts  influence  upon  the  motion  of  polypeptide  chains  involved  in  ATP 
hydrolysis  and  Ca2+  transport.  Therefore  it  is  conceivable  that  dietary 
changes  in  lipid  composition  could  influence  the  Ca2+  transport  activity. 
There  is  no  convincing  evidence  that  this  is  indeed  the  case.  Although  altera¬ 
tions  in  the  fatty  acid  composition  of  sarcoplasmic  reticulum  have  been 
detected  in  animals  maintained  on  special  diets  (81 , 97),  the  changes  in  Ca2+ 
transport  activity,  if  any,  were  only  marginal.  Similarly,  the  massive  rear¬ 
rangement  of  fatty  acid  composition  that  occurs  during  development  of 
chicken  embryos  in  ovo  leaves  the  specific  Ca2+  transport  activity  of  pump 
molecules  essentially  unaffected  (14,  53). 

In  reconstituted  ATPase  preparations  after  complete  replacement  of 
membrane  phospholipids  with  dipalmitoylphosphatidylcholine  or  dioleoyl- 
phosphatidylcholine,  the  specific  ATPase  and  Ca2*  transport  activities  as¬ 
sayed  at  37°C  changed  only  slightly  (69);  sharp  reduction  in  these  activities 
was  observed  in  reconstituted  dipalmitoylphosphatidylcholine-ATPase  vesi¬ 
cles  only  at  temperatures  below  30°C  (69). 

These  observations  suggest  that,  within  the  range  encountered  under 
physiological  conditions,  changes  in  the  fatty  acid  composition  of  membrane 
phospholipids  are  not  expected  to  have  significant  influence  on  the  Ca2+ 
transport  activity  of  sarcoplasmic  reticulum.  Adaptive  changes  in  lipid  com¬ 
position  may  be  more  important  in  the  maintenance  of  Ca2+  pump  activity 
during  hibernation  or  in  the  adjustment  to  seasonal  temperature  changes  in 
poikilotherm  animals  (fishes,  frogs,  etc.)  and  plants,  but  there  is  no  conclu¬ 
sive  evidence  that  this  is  indeed  the  case. 

The  lipid  composition  of  microsome  preparations  isolated  from  red, 
white,  and  cardiac  muscles  are  significantly  different  (15).  It  remains  to  be 
determined  whether  some  of  the  kinetic  differences  in  Ca2+  transport  activ- 
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ity  between  these  preparations  (93)  are  attributable  to  the  differences  in  lipid 
composition. 

4.4.  The  Effect  of  Membrane  Potential 

Ca2+  transport  into  sarcoplasmic  reticulum  vesicles  generates  inside-positive 
membrane  potential  (9,  10,  98).  Inside-positive  potential  generated  by  ion 
substitution  inhibits  whereas  inside-negative  potential  accelerates  (Fig.  4.7) 
the  rate  of  Ca2+  transport  and  Ca2+ -dependent  ATP  hydrolysis  (9,  10).  Dilu¬ 
tion  of  vesicles  equilibrated  in  K-glutamate  into  a  medium  of  Na-glutamate 


Figure  4.7.  Effect  of  membrane  potential  on  calcium  transport  by  sarcoplasmic  reticulum 
vesicles  (A )  Sarcoplasmic  reticulum  vesicles  (32  mg  protein  per  milliliter)  equilibrated  in  0. 1 5  M 
choline-Cl  (O,  •)  or  0.15  M  K-glutamate  (□,  ■),  10  m M  imidazole  (pH  6.6)  and  1  m M  Mg- 
maleate  were  diluted  100-fold  into  0.15  M  choline-Cl,  10  m M  imidazole  (pH  6.6),  I  mM  Mg- 
maleate,  and  120  pM  45Ca-maleate  (1  #tCi/ml)  at  15°C.  Ca2*  uptake  was  initiated  with  1.0  m M 
ATP  at  the  time  of  dilution  (O,  □)  or  l  h  later  (•,  ■)  after  the  microsomes  had  equilibrated  with 
the  dilution  medium.  Aliquots  (200  #d)  were  removed  at  various  times  after  initiation  of  Ca2+ 
uptake  and  passed  through  Millipore  filters.  The  filters  were  washed  with  dilution  medium 
containing  5  m M  EGTA  in  place  of  45Ca  maleate.  (B)  Similar  to  the  foregoing  experiment,  but 
the  dilution  medium  contained  0.15  M  K-glutamate  instead  of  choline-Cl.  (Reproduced  with 
permission  from  Beeler  et  al.,  ref.  10.) 
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plus  valinomycin  gives  rise  to  negative  potential  that  is  rapidly  abolished  by 
Ca2+  transport  initiated  with  the  addition  of  ATP  (10).  These  observations 
clearly  establish  that  the  ATP-dependent  Ca2+  transport  by  sarcoplasmic 
reticulum  is  electrogenic  and  that  pump-mediated  Ca2+  fluxes  are  influenced 
in  a  predictable  manner  by  membrane  potential. 

The  positive  potential  generated  during  Ca2+  transport  is  much  smaller 
than  would  be  expected  considering  the  electrical  properties  of  biological 
membranes  and  the  transfer  of  four  positive  charges  per  transport  cycle.  The 
small  magnitude  and  transient  nature  of  the  pump-generated  potential  is  the 
result  of  compensating  ion  fluxes  through  cation  and  anion  channels  in  sar¬ 
coplasmic  reticulum  (25,  45,  58). 

A  fluorescence  change  of  the  voltage-sensitive  dye  Nile  Blue  A  accompa¬ 
nies  Ca2+  release  from  sarcoplasmic  reticulum  during  muscle  activation  (13); 
the  direction  of  the  signal  is  consistent  with  the  development  of  a  negative 
potential  in  the  sarcoplasmic  reticulum.  The  subsequent  Ca2+  uptake  begins 
while  the  negative  potential  is  still  present.  The  negative  potential  generated 
by  Ca2+  release  is  expected  to  speed  up  the  reaccumulation  of  calcium  into 
the  sarcoplasmic  reticulum  that,  in  turn,  will  abolish  the  negative  potential. 
Such  interaction  between  membrane  potential  and  Ca2+  fluxes  may  in  part 
explain  that  the  calculated  rate  of  Ca2+  uptake  during  relaxation  of  living 
muscle  is  faster  than  the  maximum  rate  of  Ca2+  uptake  measured  in  isolated 
vesicles  in  vitro.  In  resting  muscle  there  is  no  demonstrable  transmembrane 
potential  across  the  sarcoplasmic  reticulum  (83). 

The  effect  of  membrane  potential  upon  Ca2+  pump  activity  suggests  that 
the  conformation  of  the  Ca2+-ATPase  in  the  membrane  is  influenced  by  the 
electrical  field.  A  particularly  striking  demonstration  of  such  an  effect  is  the 
marked  acceleration  of  the  vanadate-induced  crystallization  of  Ca2+-ATPase 
in  sarcoplasmic  reticulum  membrane  by  inside-positive  membrane  potential 
induced  by  ion  substitution  (30)  (Fig.  4.8).  Inside-negative  membrane  poten¬ 
tial  caused  disruption  of  preformed  Ca2+-ATPase  crystals  within  seconds 
(Fig.  4.8).  The  effects  of  membrane  potential  on  the  rate  of  Ca2+  transport 
imply  that  the  rate-limiting  step  of  the  process  is  potential  sensitive.  The 
identification  of  this  reaction  step  is  in  progress  using  stopped-flow  fluores¬ 
cence  techniques. 

4.S.  The  Regulation  of  the  Cellular  Concentration  of 

Caa+ -ATPase 

The  Ca2+  transport  ATPase  of  sarcoplasmic  reticulum  is  synthesized  on 
membrane-bound  polysomes  (18,  35,  74),  and  it  is  inserted  cotranslationally 
into  the  membrane  without  glycosyiation  or  the  cleavage  of  a  signal  peptide 
(18,  67).  The  NH2-terminal  methionine  group  of  the  ATPase,  derived  from 
initiator  methionyl  tRNA,  is  acetylated  during  translation  (74). 

The  regulation  of  the  concentration  of  Ca2+-ATPase  in  the  muscle  cells 
has  been  extensively  investigated  during  embryonic  development  in  vivo  and 
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Figure  4.8.  Effect  of  potential  on  the  rate  of  crystallization  of  Ca^-ATPase.  Sarcoplasmic 
reticulum  vesicles  (10  mg  of  protein  per  milliliter)  were  equilibrated  for  16  h  at  2°C  in  solutions 
of  the  following  composition:  solution  A,  KG,  0.15  M  K-glutamate,  10  m M  imidazole,  5  mM 
MgCI2,  0.5  m M  EGTA,  without  Na,V04  (O,  ■)  or  with  5  mM  Na,V4  (+,  A);  solution  B,  CC1, 
0.15  M  choline  chloride,  10  mM  imidazole,  pH  7.4,  5  mM  MgCI2,  0.5  mM  EGTA  without 
vanadate  (A,  □).  The  preequilibrated  suspensions  were  diluted  tenfold  in  solution  A,  containing 
5  mM  NaiVO<  (  +  ,  A,  ■)  or  in  solution  B  containing  5  mM  NajV04  (A,  O,  □).  The  crystalliza¬ 
tion  index  was  determined  at  indicated  intervals  after  dilution.  Dilution  of  vesicles  from  KG  into 
CCI  medium  is  expected  to  generate  inside-negative  membrane  potential,  whereas  dilution  from 
CC1  into  KG  medium,  inside-positive  potential.  Dilution  of  vesicles  from  KG  into  KG  or  from 
CCI  into  CCI  medium  does  not  generate  diffusion  potential;  therefore  these  systems  serve  as 
control.  For  measurement  of  the  rate  of  crystallization  under  standard  conditions  (•)  sarcoplas¬ 
mic  reticulum  vesicles  (25  mg  of  protein/per  milliliter)  in  0.25  M  sucrose,  10  m M  Tris-Cl,  pH 
8.0,  and  0.3  mM  dithiothreitol  were  diluted  25-fold  into  a  medium  of  0.1  M  KC1.  10  m M 
imidazole,  pH  7.4,  5  mM  MgCl2, 0.5  mM  EGTA.  and  5  mM  Na3V04.  The  crystallization  index 
is  defined  as  the  number  of  vesicles  with  crystalline  regions  on  their  surface  expressed  as 
percent  of  the  total  number  of  vesicles  counted  by  four  independent  observers  in  randomly 
selected  electron  micrographs.  The  rate  of  crystallization  was  not  affected  by  increasing  the 
EGTA  concentration  of  the  dilution  medium  from  0.5  to  1  or  5  mM.  The  CaJ+  ionophore  A23187 
only  slightly  increased  the  rate  of  crystallization  under  standard  conditions  and  did  not  signifi¬ 
cantly  influence  the  accelerating  effect  of  positive  potential  on  the  crystallization  rate.  (Repro¬ 
duced  with  permission  from  Dux  and  Martonosi,  ref.  30.) 
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in  tissue  culture  (for  review  see  refs.  54,  65).  In  the  last  week  of  development 
in  ovo  the  rates  of  contraction  and  relaxation  of  chicken  skeletal  muscles 
increase  severalfold  (73),  accompanied  by  changes  in  the  electrical  proper¬ 
ties  of  the  surface  membrane  (84),  in  the  Ca2  +  sensitivity  of  actomyosin  (41), 
and  a  10-20  fold  increase  in  the  Ca2+  transport  activity  of  sarcoplasmic 
reticulum  (14,  53,  54).  The  increase  in  Ca2  +  transport  activity  (Table  4.2)  is 
due  to  an  increase  in  the  concentration  of  Ca2* -ATPase  in  the  membrane, 
shown  by  SDS  polyacrylamide  gel  electrophoresis,  active-site  labeling  with 
32P-ATP,  and  by  the  increase  in  the  density  of  surface  and  intramembranous 
particles  seen  by  negative  staining  and  freeze-etch  electron  microscopy  (7, 
14,  64,  89).  In  spite  of  marked  changes  in  the  ATPase/lipid  ratio  and  in  the 
fatty  acid  composition  of  membrane  lipids  (14),  the  specific  Ca2+  transport 
activity  of  pump  molecules  remains  constant  throughout  development  (53). 
Essentially  similar  observations  were  made  in  developing  rabbit  muscle  (77, 
78,  92,  99). 

The  gradual  increase  in  the  Ca2+-ATPase  content  of  sarcoplasmic  reticu¬ 
lum  during  embryonic  development  is  consistent  with  the  hypothesis  (14,  53, 
54,  65)  that  the  phospholipid-rich  rough  endoplasmic  reticulum  of  embryonic 
muscle  is  gradually  converted  during  development  into  Ca2+-transporting 


TABLE  4.2.  DEVELOPMENTAL  CHANGES  IN  THE  STRUCTURE  AND 
COMPOSITION  OF  SARCOPLASMIC  RETICULUM  IN  CHICKEN  PECTORALIS 
MUSCLE" 


Days  of 
Development 

Ca:* 

Transport 
Activity 
(/zmol 
Ca2*/ 
mg  min) 

Ca3*- 

Modulated 
ATPase 
(/zmol  P,/ 
mg  min) 

Phosphorylated 

Intermediate 

E  ~  P 
(nmol/mg 
protein) 

ATPase  Content 
from  Gel 
Electrophoresis. 
Total  P»otein 

m 

85-A-Diameter 
Freeze-Etch 
Particle  Density 
(per  fim  surface 
area) 

in 

Isolated 

Micro- 

some 

In 

Whole 

Muscle 

10 

0.015 

0.02 

0.12 

2 

186 

212 

12 

0.025 

0.03 

0.18 

14 

0.034 

0.22 

6 

352 

462 

16 

0.060 

0.08 

0.31 

405 

18 

0.089 

12 

826 

21  (hatching) 

0.120 

0.15 

0.50 

22 

0.200 

0.19 

0.87 

1257 

26 

0,32 

0.35 

1.35 

55 

3800 

33 

0.41 

0.42 

1.86 

62 

46 

0.60 

0.70 

2.20 

65 

2750 

4330 

■’  For  technical  details  see  refs.  14  and  89. 
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sarcoplasmic  reticulum  by  stepwise  insertion  of  the  Ca2  +  -ATPase  and  other 
components  into  the  membrane.  The  symmetrical  disposition  of  sarcoplas¬ 
mic  reticulum  in  the  two  halves  of  the  sarcomere  in  mature  muscle  may 
imply  the  existence  of  central  growth  regions  iocated  in  the  middle  of  the  A 
zone,  where  preferential  insertion  of  ATPase  molecules  may  take  place 
during  later  phases  of  development.  The  relatively  even  distribution  of  Ca2+- 
ATPase  in  the  longitudinal  tubules  and  the  terminal  cisternae  is  presumably 
achieved  by  lateral  diffusion  of  ATPase  molecules.  The  cotranslational  in¬ 
sertion  of  Ca2+-ATPase  molecules  is  expected  to  proceed  until  the  mem¬ 
brane  approaches  physical  saturation.  In  mature  sarcoplasmic  reticulum  the 
average  distance  between  ATPase  molecules  is  only  100-200  A;  that  may 
prevent  further  attachment  of  bound  polysomes  and  inhibit  the  synthesis 
and/or  insertion  of  ATPase  molecules.  Therefore  the  synthesis  of  Ca2+- 
ATPase  required  for  the  slow  turnover  of  the  enzyme  in  adult  muscle  (60) 
may  be  largely  confined  either  to  special  growth  regions  of  adult  muscle 
fibers  (49,  54)  or  to  young,  relatively  immature  muscle  cells  that  are  present 
even  in  fully  developed  muscle  tissues.  The  coexistence  of  muscle  fibers  of 
different  maturity  may  also  explain  the  observation  that  the  density  of  85-A 
intramembranous  particles  in  sarcoplasmic  reticulum  vesicle  populations 
isolated  at  different  stages  of  development  varies  over  a  relatively  wide 
range  (89). 

The  major  conclusions  derived  from  studies  on  SR  development  in  vivo 
were  confirmed  in  tissue  culture,  with  some  further  insight  into  the  mecha¬ 
nism  of  regulation  of  the  synthesis  of  Ca2+  transport  ATPase.  The  accumula¬ 
tion  of  Ca2+-ATPase  begins  during  the  fusion  of  myoblasts  into  myotubes 
and  continues  during  the  next  10  days  of  development  accompanied  by  a 
large  increase  in  the  amount  of  contractile  proteins  (37,  42,  64).  The  accumu¬ 
lation  of  Ca2  + -ATPase  did  not  occur  in  chicken  muscle  cultures  grown  in 
low-Ca2  +  medium  (—  100  Ca2+)  that  inhibited  fusion  (37).  As  inhibition  of 

the  fusion  of  rat  muscle  cells  with  cytochalasin  B  did  not  interfere  with  the 
development  of  sarcotubular  elements  (17)  the  inhibition  observed  in  low- 
Ca2+  medium  is  probably  the  direct  consequence  of  Ca2"  deficiency.  It  is 
reasonable  to  assume  that  medium  Ca2+  concentration  regulates  the  synthe¬ 
sis  and/or  degradation  of  intracellular  enzymes,  including  the  Ca2+-ATPase, 
by  means  of  changes  in  the  cytoplasmic  free  Ca2+  concentration. 

Differential  gene  expression  may  imply  regulation  at  the  following  levels: 
(I)  gene  transcription;  (2)  gene  loss  or  amplification;  (3)  DNA  transposition 
or  modification;  (4)  RNA  processing  and  transport;  (5)  mRNA  translation; 
(6)  mRNA  stability  and  turnover;  (7)  posttranslational  modification,  intracel¬ 
lular  transport,  and  insertion  of  proteins  into  membranes;  (8)  activation, 
inhibition,  or  modification  of  proteins  as  a  result  of  interaction  with  other 
proteins  or  lipids  in  the  membrane;  (9)  recycling  and  degradation  of  proteins. 
The  regulation  of  Ca2+  transport  ATPase  utilizes  several  of  these  control 
mechanisms. 

A  hypothesis  was  proposed  in  which  changes  in  intracellular  free  Ca2+ 
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concentrations  are  assumed  to  influence  the  rate  of  synthesis  of  Ca2t- 
ATPase  and  other  Ca2 '  -modulated  proteins  by  Ca2 '  -dependent  regulation  of 
the  synthesis  or  processing  of  relevant  classes  of  mRN  A  (63).  If  this  hypoth¬ 
esis  is  correct,  an  increase  in  cytoplasmic  free  |Ca2t]  should  influence  the 
expression  of  Ca2,-ATPase.  There  are  several  indications  that  such  feed¬ 
back  regulation  by  Ca2t  may  in  fact  occur: 

1.  ConUnuous  exposure  of  cultured  muscle  cells  to  10  s  M  A23187  in¬ 
creases  the  steady  state  level  of  Ca2, -sensitive,  hydroxylamine  labile 
phosphoprotein  that  is  assumed  to  reflect  the  concentration  of  Ca2  +  - 
ATPase  (64). 

2.  Brief  exposure  of  cultured  muscle  cells  to  ionomycin  or  A23187  (1-4 
fjiM  for  1-3  h)  increases  severalfold  the  rate  of  [,5S]methionine  incor¬ 
poration  into  two  membrane  proteins — one  of  100  KD  and  one  of  80 
KD — that  sediment  in  the  microsomal  fraction.  The  100-KD  protein 
is  assumed  to  represent  the  Ca2+-ATPase,  although  chemical  evi¬ 
dence  is  still  required.  The  identity  of  the  80-KD  protein  is  unknown 
(54,  55,  76). 

3.  Treatment  with  ionomycin  or  A23I87  causes  an  increase  in  cytoplas¬ 
mic  [Ca2+]  (44). 

4.  Increased  synthesis  of  the  80-KD  and  100-KD  proteins  was  observed 
upon  cell-free  translation  of  poly  A  enriched  RNA  isolated  from  iono- 
mycin-treated  as  compared  with  control  cultures  (63,  95).  There¬ 
fore  ionomycin  selectively  increases  the  cellular  concentration  of 
mRNA-s  that  code  for  the  80-KD  and  100-KD  proteins. 

5.  The  total  Ca2t  content  of  embryonic  muscle  cells  is  high  before  the 
accumulation  of  Ca2+-ATPase  begins  and  decreases  with  age  as  de¬ 
velopment  proceeds  (64).  The  high  cellular  Ca  in  early  stages  of  de¬ 
velopment  may  be  due  to  Ca2"  channels  in  the  surface  membrane  (84) 
or  to  increased  Ca2+  influx  into  muscle  cells  during  fusion  into 
myotubes  (20). 

6.  Ca2"-binding  proteins  with  a  broad  range  of  Ca2+  affinities  were  ob¬ 
served  among  the  nonhistone  chromosomal  proteins  and  in  the  insol¬ 
uble  protein  fraction  of  nuclei  isoiated  from  skeletal  muscles  of  em¬ 
bryonic  and  adult  chicken  or  rabbits  (79).  The  possible  role  of  these 
proteins  in  Ca2  "-dependent  gene  regulation  is  under  study. 

These  observations  ate  consistent  with  the  hypothesis  that  increased  cy- 
toplasmic-free  Ca2"  in  early  phases  of  development  induces  the  expression 
of  Ca2*-ATPase  mRNA  by  acting  on  one  or  more  pretranslational  step(s)  in 
the  protein  synthesis.  The  participation  of  nuclear  Ca2  +  -binding  proteins  as 
inducers  or  repressors  of  gene  expression  is  an  exciting  but  unproven  possi¬ 
bility. 

In  addition  to  a  control  of  protein  synthesis,  regulation  of  the  turnover  of 
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Ca2+-ATPase  is  indicated  by  the  fact  that  the  half-life  of  the  Ca2+-ATPase  in 
cultured  rat  muscle  cells  is  only  20  h  (42),  whereas  in  adult  rat  muscle  it  is 
10-14  days  (60).  Analysis  of  the  rate  of  degradation  of  Ca2+-ATPase  in 
muscle  cells  during  various  phases  of  development,  with  particular  attention 
to  Ca2+-activated  proteases,  could  provide  the  explanation  of  this  difference. 

It  is  likely  that  the  principles  of  membrane  assembly  and  regulation  de¬ 
rived  from  the  foregoing  studies  on  developing  systems  also  govern  the 
adaptation  of  SR  structure  and  function  to  physiological  requirements  in  the 
adult  animals.  Examples  of  this  adaptation  are  the  changes  in  Ca2+  transport 
activity  observed  after  cross-innervation  or  chronic  electric  stimulation  of 
muscle  (46),  which  suggest  neural  control  of  the  Ca2+  pump  density  in  ma¬ 
ture  muscle  cells. 


5.  SUMMARY  AND  PERSPECTIVES 

The  Ca2+  transport  activity  of  sarcoplasmic  reticulum  is  regulated  at  several 
levels: 

1 .  Control  of  enzyme  concentration  is  achieved  by  regulation  of  the  rate 
of  synthesis  and  degradation  of  Ca2+-ATPase.  Ca2+  is  expected  to 
play  a  feedback  regulatory  role  in  both  processes. 

2.  In  the  control  of  enzyme  activity  cytoplasmic  Ca2+  concentration  and 
membrane  potential  play  a  dominant  role,  but  phosphorylation  of 
Ca2+ -ATPase  or  its  interaction  with  regulatory  proteins  (phospholam- 
ban)  could  contribute  to  fine  control  of  transport  activity. 

Further  work  is  needed  to  assess  the  significance  of  ATPase-ATPase 
interactions  in  sarcoplasmic  reticulum  function.  While  the  Ca2+-ATPase 
monomer  is  competent  to  catalyze  the  elementary  steps  of  Ca2+-activated 
ATP  hydrolysis,  the  enzyme  is  present  in  the  native  sarcoplasmic  reticulum 
largely  in  an  oligomeric  form,  presumably  as  dimer.  A  requirement  for 
ATPase  dimers  in  active  Ca2+  translocation  across  the  membrane  has  not 
been  excluded.  ATPase  dimers  were  suggested  to  control  the  stability  of  the 
Ca-ATPa*e  in  the  membrane  and  could  contribute  to  regulation  of  the  pas¬ 
sive  permeability  of  the  sarcoplasmic  reticulum  to  calcium  and  other  ions. 
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MINERALOCORTICOID  REGULATION  OF  Na'  AND  K'  TRANSPORT 


The  collecting  duct  of  the  mammalian  kidney  plays  an  important  role  in  fluid 
and  electrolyte  excretion.  Along  its  length  the  transport  of  the  many  ions  is 
regulated  to  meet  the  homeostatic  need  of  the  animal.  Mineralocorticoid 
hormones  have  long  been  recognized  as  being  essential  for  the  maintenance 
of  Na+  and  K+  balance.  Studies  of  single  collecting  duct  segments  from  the 
rabbit  have  identified  the  cortical  portion  as  a  major  site  where  these  hor¬ 
mones  influence  the  transport  of  Na+  and  K+  (5,  12,  14,  26). 

Although  much  is  known  about  the  effects  of  mineralocorticoid  hormone 
deficit  and  excess  on  the  transepithelial  transport  properties  of  the  rabbit 
cortical  collecting  duct  (2,  5-7,  9,  11,  13,  15,  18.  19,  21,  26,  30)  our  under¬ 
standing  of  the  cellular  mechanism(s)  reponsible  for  the  observed  changes  in 
ion  transport  remains  incomplete.  With  the  recent  adaptation  of  intracellular 
microelectrode  techniques  to  the  study  of  single  cells  of  the  rabbit  cortical 
collecting  duct  (1 1),  it  is  possible  to  examine  directly  the  electrical  properties 
of  the  individual  cell  membranes  and  thereby  define  the  electrochemical 
driving  forces  and  membrane  conductances  for  transcellular  and  paracellular 
ion  movement.  Accordingly,  the  cellular  sites  at  which  mineralocorticoid 
hormones  act  to  regulate  the  transport  of  Na+  and  K+  can  be  determined. 

In  this  chapter  the  effects  of  chronic,  high-dose  mineralocorticoid  hor¬ 
mone  treatment  on  the  transport  of  Na+  and  K+  by  the  rabbit  cortical  collect¬ 
ing  duct  are  reviewed.  In  addition,  the  results  of  intracellular  microelectrode 
studies  obtained  under  similar  experimental  conditions  are  examined,  and  a 
model  for  the  regulation  of  Na+  and  K+  transport  is  presented. 


1.  CHARACTERISTICS  AND  CELLULAR  MECHANISM 
OF  Na+  and  K+  TRANSPORT 

The  cortical  collecting  duct  reabsorbs  Na+  from  and  secretes  K+  into  the 
tubule  lumen  (4,  9,  18,  21, 24,  25).  Both  ions  are  distributed  across  the  tubule 
epithelium  against  their  respective  electrochemical  gradients,  and  therefore 
are  actively  transported  (4,  9,  18,  24,  25). 

Under  most  conditions  the  transepithelial  voltage  VT  of  the  cortical  col¬ 
lecting  duct  is  oriented  lumen  negative  and  depends  on  the  active  reabsorp¬ 
tion  of  Naf  (4,  13,  18,  24,  25).  Inhibition  of  Na+  transport,  either  by  removal 
of  Na f  from  or  addition  of  amiloride  to  the  luminal  perfusate  (12,  1 7.  22,  23) 
or  by  the  addition  of  ouabain  to  the  peritubular  bathing  solution  (4,  13) 
abolishes  the  lumen  negative  VT •* 

The  active  secretion  of  K+  also  depends  on  the  reabsorption  of  Na+.  Net 
K*  secretion  Jfc"  varies  linearly  with  net  Na+  reabsorption  J™  and  the 
magnitude  of  the  lumen-negative  Vr(25).  Moreover,  agents  that  inhibit  Na+ 
transport  result  in  a  parallel  reduction  in  K+  secretion  (4,  18,  24,  25). 


*  frequently  inhibition  of  Na*  transport  causes  the  Vr  to  reverse  polarity,  becoming  lumen 
positive.  This  lumen-positive  V,  appears  to  reflect  active  electrogenic  H*  secretion  (13). 
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Figure  5.1.  Cellular  model  for  Na’  and  K+  trans¬ 
port  by  the  cortical  collecting  duct.  Although  not 
shown,  the  basolateral  cell  membrane  also  contains 
a  conductive  pathway  for  Cl'.  (From  ref.  11  with 
permission  of  the  publisher.) 


Taken  together,  the  features  of  Na+  and  K+  transport  just  outlined  can 
be  attributed  to  the  cellular  mechanism  shown  in  Fig.  5.1  (3,  16,  25).  Recent 
microelectrode  studies  have  provided  direct  confirmation  of  this  scheme 
(11),  which  likely  represents  the  properties  of  the  principal  cell.* 

The  active  reabsorption  of  Na+  as  well  as  the  active  secretion  of  K+  is 
driven  by  the  Na+,K+-ATPase  located  in  the  basolateral  cell  membrane. 

Na+  enters  and  K+  exits  the  cell  across  the  apical  (luminal)  cell  membrane  by 
way  of  separate  conductive  pathways  and  passively  down  their  respective 
electrochemical  gradients.  The  conductive  movement  of  Na+  across  the 
apical  cell  membrane  is  blocked  specifically  by  amiloride,  while  BaCl2  in¬ 
hibits  the  K+  conductive  pathway  in  this  membrane  (11).  The  basolateral  cell 
membrane  also  contains  a  conductive  pathway  for  K+  (1 1),  thus  allowing  the 
K+  brought  into  the  cell  by  the  Na+,K+-ATPase  to  recycle  in  part  across  this 
membrane.  Although  Na+  and  K+  appear  to  be  the  major  if  not  only  conduc¬ 
tive  ion  species  across  the  luminal  cell  membrane  (1 1 ;  see  below),  the  baso¬ 
lateral  cell  membrane  is  not,  under  most  conditions,  selective  only  to  K+  (1 1 , 

17,  20).  In  particular,  a  variable  yet  significant  Cl“  conductive  pathway  has 
been  identified  and  shown  to  contribute  to  the  electrical  properties  of  this 
membrane  (17,  20). 

By  this  scheme  the  coupling  of  K+  secretion  to  Na+  reabsorption  is  direct 
by  way  of  the  Na+,K+-ATPase  and  also  is  secondary  to  the  potential  profile 
across  the  individual  cell  membranes.  Accordingly,  three  general  mecha¬ 
nisms  could  operate  to  regulate  the  transepithelial  transport  of  Na+  and  K+. 

First,  cellular  uptake  of  K+  and  extrusion  of  Na+  could  be  altered  by  a 
change  in  the  activity  of  the  Na+,K+-ATPase.  This  could  occur  either  by  a 
change  in  the  number  of  functional  enzyme  units  in  the  basolateral  cell 
membrane  and/or  by  a  change  in  the  activity  of  each  enzyme  unit.  Second, 
the  electrochemical  gradients  for  passive  ion  movement  across  both  the 
apical  and  basolateral  cell  membranes  could  be  altered.  This  would  be  espe- 

*  The  principal  cell  is  the  majority  cell  type  of  the  cortical  collecting  duct  comprising  65-75%  of  \  f 

the  total  cell  population.  The  remaining  cells  are  the  intercalated  cells  (10).  Structure-function  ’ 

studies  suggest  that  the  principal  cell  reabsorbs  Na*  and  secretes  K*  whereas  the  intercalated  j 

cell  is  responsible  for  urinary  acidification  (10,  22,  23).  In  addition,  the  intercalated  cell  may  be  j 

involved  in  K*  reabsorption  under  conditions  of  prolonged  K*  depletion  (23).  | 
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cially  important  when  considering  the  transport  of  K  +  ,  since  both  mem¬ 
branes  contain  conductive  path  :.ys  ftlr  this  ion.  Finally,  the  specific  ion 
conductances  of  the  individual  ce  membranes  could  be  modified.  As  will  be 
shown,  regulation  of  Na*  and  K  '  transport  by  mineralocorticoid  hormones 
appears  to  involve  all  three  mechanisms. 


2.  MINERALOCORTICOID  HORMONE  EFFECTS  ON 
TRANSEPITHELIAL  PROPERTIES 

Administration  of  high  doses  of  mineralocorticoid  hormones  to  rabbits  for 
extended  periods  of  time  results  in  marked  alterations  in  the  morphology, 
transport  properties,  and  electrophysiology  of  the  cortical  collecting  duct. 
Table  5.1  summarizes  some  of  these  reported  effects.  In  most  studies  ani¬ 
mals  received  daily  injections  of  5  mg  of  deoxycorticosterone  acetate 
(DOCA)  or  its  analog.  Typically,  the  treatment  period  ranged  from  several 
days  to  several  weeks  and  on  the  average  lasted  for  7-10  days.  It  is  impor¬ 
tant  to  note  that  during  this  period  the  rabbits  become  polyuric  and  polydip- 
sic  (18),  and  usually  develop  a  hypokalemic  metabolic  alkalosis  (2,  and  un¬ 
published  observations).  Thus,  even  though  the  observed  changes  in  the 
properties  of  the  cortical  collecting  duct  are  attributed  to  direct  effects  of 
mineralocorticoid  hormone,  an  important  influence  of  the  associated 
changes  in  potassium  and/or  acid-base  balance  cannot  be  ruled  out.  More¬ 
over,  DOCA  possesses  both  mineralocorticoid  and  glucocorticoid  activity, 
especially  at  the  doses  commonly  employed  (14).  Consequently  some  of  the 
observed  effects  of  DOCA  could  be  related  to  the  glucocorticoid  properties 
of  the  hormone.  In  this  regard,  chronic  high-dose  dexamethasone  treatment 
of  rabbits  (5  mg/day  for  11-18  days)  results  in  hyperpolarization  of  the  lu¬ 
men-negative  VT  and  an  increase  in  the  area  of  the  basolateral  cell  membrane 
of  the  cortical  collecting  duct  (27).  Lower  doses  (0.8  mg/day  for  12-31  days) 
do  not,  however,  alter  the  VT  or  Na+  and  K+  transport  rates  (21). 

Several  of  the  effects  of  DOCA  treatment  listed  in  Table  5. 1  have  particu¬ 
lar  importance  for  interpretation  of  the  results  of  the  microelectrode  studies 
reported  later  and  require  special  note.  First,  the  morphologic  alterations  of 
the  tubule  are  limited  to  the  basolateral  cell  membrane  of  the  principal  cell 
(27).  As  shown  in  Fig.  5.2  and  summarized  in  Table  5.1,  there  is  a  two-  to 
threefold  increase  in  the  area  of  this  membrane,  whereas  all  other  cellular 
dimensions  are  essentially  unchanged.  Second,  the  enzymatic  activity  of  the 
Na+,K+-ATPase  increases  dramatically  (2).  Third,  the  rates  of  net  Na+  reab¬ 
sorption  and  net  K+  secretion  are  increased  with  the  increase  in  K+  secre¬ 
tion  being  proportionately  larger  than  the  increase  in  Na+  reabsorption,  such 
that  the  ratio  decreases  (9,  18,  21,  25,  26).  Fourth,  the  increased 

transport  of  Na+  and  K+  is  associated  with  an  increase  in  the  transepithelial 
equivalent  conductances  for  these  ions  (9,  18).  Finally,  the  CL  permeability 
(6),  and  equivalent  CL  conductance  of  the  epithelium  (9,  18),  thought  to 
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TABLE  5.1.  EFFECT  OF  CHRONIC  HIGH-DOSE  MINERALOCOHTICOID 
HORMONE  TREATMENT  ON  RABBIT  CORTICAL  COLLECTING  DUCT" 


Control 

DOCA 

Reference 

I.  Morphology 

Inner  diameter  (pm) 

19 

17 

27 

Outer  diameter  (pm) 

27 

29 

27 

Number  of  cells/mm 

511 

507 

2 

Cell  volume  (/xmVmm) 

Principal  cell 

2.02  x  105 

2.67  x  105 

27 

Intercalated  cell 

0.62  x  105 

0.61  x  105 

27 

Membrane  area  (/xm2/mm) 

Principal  cell 

Luminal  membrane 

0.77  x  105 

0.93  x  105 

27 

Basolateral  membrane 

6.35  x  105 

15.61  x  105 

27 

Intercalated  cell 

Luminal  membrane 

0.20  x  105 

0.30  x  105 

27 

Basolateral  membrane 

1.35  x  105 

1.40  x  105 

27 

II.  Ion  Transport 

J'Nb  (pmol/cm  sec) 

7.3 

14.8 

21,  25 

i^ia1  (pmol/cm  sec) 

2.6 

2.8 

21,  25 

7^'  (pmol/cm  sec) 

4.1 

10.2 

18,21,25 

J (pmol/cm  sec) 

-1.7 

-6.4 

18,  21,  25 

J^JJk 

2.4 

1.6 

18,  21,  25 

VQb  (pmol/cm  sec) 

13.9 

9.2 

6 

y£r'  (pmol/cm  sec) 

14.2 

7.2 

6 

yj~j'  (pmol/cm  sec) 

-0.3 

2.0 

6 

Lumen  pH 

5.93 

5.43 

13 

Na+,K+-ATPase  (pmol/mm  min) 

23 

143 

2 

III.  Electrophysiology 

VT  (mV) 

-14.2 

-47.9 

5,  6,  7,  11,  13, 

18,  21,  25,  26, 

27 

Rt  (kfl  •  cm) 

21.0 

29.5 

9,  11,  18 

G&  (p,S/cm) 

2.4 

9.9 

9,  18 

Gg  (pS/ cm) 

0.9 

3.1 

9,  18 

(Gq  ( pS/cm ) 

25.7 

5.3 

9,  18 

•  The  values  reported  are  from  studies  in  which  control  and  DOCA-treated  tubules  were  studied 
using  the  same  protocol.  Where  more  than  one  study  is  referenced,  the  summarized  value 
represents  the  mean  of  each  study.  No  distinction  is  made  between  tubules  studied  at  25°C  and 
at  37°C.  Negative  values  of  net  fluxes  represent  secretion  of  the  ion  species  indicated.  G&,  G£, 
and  Get  represent  transepithelial  equivalent  conductances  for  Na* ,  K" .  and  Cl  respectively. 
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(a) 


Figure  5.2.  Transmission  electronmicrograph  of  isolated  cortical  collecting  ducts  showing 
principal  cells  (PC)  and  intercalated  cells  (1C),  (a)  Tubule  from  control  rabbits.  ( b )  Tubule  from 
DOCA-treated  rabbit.  Magnification:  x  6500.  (From  ref.  27,  courtesy  of  the  authors.) 


reflect  in  large  part  the  properties  of  the  paracellular  pathway  (9),  are  mark¬ 
edly  reduced.* 

These  DOCA-related  changes  in  the  transepithelial  properties  of  the  corti¬ 
cal  collecting  duct,  when  viewed  within  the  context  of  the  model  for  Na+  and 

*  The  paracellular  (shunt)  pathway  is  broadly  defined  here  as  any  transepithelial  route  for 
conductive  ion  movement  that  is  in  parallel  with  the  cells  responsible  for  Na*  and  K‘  transport. 
Although  the  paracellular  pathway  in  the  cortical  collecting  duct  is  thought  to  be  Cl  selective 
(9,  18),  there  is  no  direct  evidence  that  all  Cl  movement  is  restricted  to  a  paracellular  route.  As 
already  noted,  the  basolateral  cell  membrane  does  contain  a  Cl  conductive  pathway  (17,  20). 
Also,  CF  reabsorption  by  DOCA  pretreated  tubules  can  occur  against  a  transepithelial  electro¬ 
chemical  gradient  (6).  Thus  some  fraction  of  Cl  transport  must  occur  by  a  transcellular  route. 
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Kf  transport  depicted  in  Fig.  5.1,  allow  several  predictions  as  to  the  mecha¬ 
nism^)  involved  in  the  regulation  of  Na+  and  K+  transport.  In  addition,  and 
perhaps  more  important,  they  provide  a  framework  for  interpretation  of  the 
results  of  microelectrode  studies.  For  example,  following  DOCA  treatment 
the  transepithelial  properties  of  the  cortical  collecting  duct  epithelium  would 
be  expected  to  reflect  to  a  greater  degree  the  electrical  properties  of  the 
cellular  rather  than  the  paracellular  pathway.  Specifically,  the  increased 
equivalent  conductance  of  Na+  and  K+  would  be  consistent  with  changes  in 
the  properties  of  the  luminal  and/or  basolateral  cell  membranes,  whereas  the 
reduced  Cl“  conductance  would  reflect  an  increase  in  the  resistance  of  the 
paracellular  pathway.  Accordingly,  regulation  of  Na+  and  K*  transport  by 
DOCA  could  result  from  the  increased  activity  of  the  Na+,K+-ATPase  in 
association  with  increases  in  the  Na+  and  K+  conductances  of  the  luminal 
cell  membrane. 


3.  MICROELECTRODE  STUDIES  OF 
DOCA-TREATED  TUBULES 

Microelectrode  studies  were  done  on  cortical  collecting  ducts  isolated  from 
kidneys  of  rabbits  maintained  on  a  standard  laboratory  diet  (control  tubules) 
and  from  rabbits  which  in  addition  received  daily  injections  of  5  mg  of 
DOCA  for  7-10  days  (DOCA  tubules).  All  tubules  were  perfused  as  shown  in 
Fig.  5.3  and  as  described  in  detail  elsewhere  (11).  In  brief,  tubules  were 
perfused  and  bathed  with  artificial  Ringer  solutions  containing  150  m M  Na+ 
and  5  m M  K  +  ,  and  which  were  equilibrated  with  95%  02/5%  C02  at  37°C 
(pH  =  7. 4-7. 5). 


Figure  5.3.  Arrangement  of  pipettes  and  electrical  schematic  for  microelectrode  studies  of 
single  cortical  collecting  ducts.  The  perfusion  pipette  (right)  was  fitted  with  an  exchange  pipette 
to  change  the  luminal  composition.  The  perfusion  pipette  was  also  used  to  inject  pulses  of 
constant  current  l„  into  the  tubule  lumen  for  the  determination  of  membrane  resistances.  The 
transepithelial  voltage  Vr  and  the  basolateral  membrane  voltage  Vw  were  referenced  to  the 
grounded  bath  solution.  (From  ref.  II  with  permission  of  the  publisher.) 
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The  transepithelial  voltage  V7  was  measured  through  the  perfusion  pipette 
and  referenced  to  the  bath  solution.  The  perfusion  pipette  was  also  used  to 
inject  pulses  of  constant  current  into  the  tubule  lumen.  From  the  resultant 
voltage  deflections  at  each  end  of  the  tubule  AVf>  and  AV;  and  with  use  of 
cable  analysis,  the  transepithelial  resistance  of  the  tubule  RT  was  calcu¬ 
lated  (11). 

The  voltage  across  the  basolateral  cell  membrane  Vbl  was  measured  using 
microelectrodes  filled  with  I M  KC1  (90-180  Mil),  and  referenced  to  the  bath. 
From  the  measured  values  of  Vh,  and  V7  the  voltage  across  the  apical  cell 
membrane  Va  was  calculated. 

Va=VT-Vbl  (1) 

During  luminal  current  injection  the  voltage  divider  ratio  was  measured 
and  the  fractional  membrane  resistance  calculated  as 


fRa  =  1 


An,  =  ru 

AV.t  Ru  +  Rbi 


(2) 


where  AVC  and  AVW  are  the  voltage  responses  to  luminal  current  injection 
across  the  tubule  epithelium  and  basolateral  cell  membrane,  and  Ra  and  Rhl 
are  the  resistances  of  the  apical  and  basolateral  cell  membranes. 

A  summary  of  the  baseline  electrical  parameters  of  control  and  DOCA- 
treated  tubules  is  shown  in  Fig.  5.4.  As  can  be  seen,  with  DOCA  treatment 
VT  and  VM  hyperpolarized  by  32.4  and  21.8  mV,  respectively,  while  Va 
depolarized  by  10.6  mV.  The  mechanism(s)  that  underlie  these  changes  in 
membrane  voltage,  as  well  as  their  influence  on  transcellular  Na+  and  K+ 
transport,  are  considered  later. 

Both  the  transepithelial  resistance  and  the  fractional  membrane  resistance 
fell  slightly  with  DOCA  treatment;  RT  from  14.7  ±  1.4  kD  ■  cm  to  12.2  ± 
2.3  kft  •  cm  and  fRa  from  0.40  ±  0.03  to  0.35  ±  0.04.  However,  these 
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Figure  5.4.  Cellular  electrical  properties  of  cortical  collecting  ducts  obtained  from  control  (C) 
and  DOCA-treated  rabbits  (D). 
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DOCA 


Rt  :  88.4  ohm  cm* 
»R.  :  0.42 


R.  :  82.8  ohm  cm* 


»R,  :  0.38 

Figure  5.5.  Electrical  equivalent  circuit  of  the  cortical  collecting  duct.  The  measured  values  of 
Vj  and  VM  are  indicated  and  referenced  to  the  peritubular  solution.  The  values  of  membrane 
resistance  are  expressed  as  ohms  times  square  centimeters  (ii  ■  cm:)  of  luminal  membrane  area. 
The  values  of  R,  and//?,,  are  calculated  from  the  equivalent  circuit  and  are  not  different  from 
the  measured  values  summarized  in  Fig.  5.4. 


changes  were  not  statistically  significant.  The  fact  that  fRa  did  not  change 
was  surprising  since  the  area  of  the  basolateral  cell  membrane  is  amplified  2- 
3  fold  under  these  conditions  (27).  Thus  an  increase  in  the  area  of  this 
membrane  would  be  expected  to  increase  fRa,  whereas  a  small  decrease  in 
its  value  was  actually  observed.  One  possible  explanation  for  the  lack  of  an 
effect  of  DOCA  treatment  on  fRa  is  that  the  resistances  of  both  the  apical 
and  basolateral  cell  membranes  changed  proportionally  under  these  condi¬ 
tions.  To  examine  more  directly  the  effect  of  DOCA  treatment  on  the  con¬ 
ductive  properties  of  the  tubule,  the  data  were  analyzed  within  the  frame¬ 
work  of  the  simple  equivalent  circuit  shown  in  Fig.  5.5.  The  individual 
values  of  apical  Ra  and  basolateral  Rhl  membrane  resistances  and  the  shunt 
resistance  R,  were  calculated  as 


_  a(q  -  a')RTRr 
0  (I  +  a)(l  +  a')(RT  -  Rr) 

„  _ _ (q  —  q')/?r/?r _ 

M  ~  (1  +  q)(l  +  a')(Rr  ~  Rr) 

D  _  RARg  +  Rbl) 

Ra  +  Rbl  -  Rt 


:*> 

(4) 

(5) 
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where  a  and  a'  are  the  ratios  of  apical  to  basolateral  membrane  resistance 
( RJRbt )  in  the  absence  and  presence  of  agent(s)  that  specifically  alter  the 
conductance  of  the  apical  cell  membrane  (1).  Similarly,  Rr  represents  the 
transepithelial  resistance  in  the  presence  of  these  same  agents.  Since  ami- 
loride  and  BaCU  appear  to  be  specific  inhibitors  of  the  apical  membrane  Na-1 
and  K+  conductances  (11),  these  drugs  were  used  for  the  determination  of 
the  equivalent  resistances.*  The  results  of  this  analysis  are  summarized  in 
Fig.  5.5. 

As  can  be  seen,  the  resistance  of  both  the  basolateral  and  apical  cell 
membranes  was  reduced  in  proportion;  Ra  from  57  to  27  ft  •  cm2  and  Rbi 
from  80  to  42ft  •  cm2.  As  a  result,  the  value  of  fRa  was  unchanged.  In 
addition,  the  resistance  of  the  shunt  pathway  was  increased  markedly  with 
DOCA  treatment,  a  finding  in  accordance  with  the  equivalent  circuit  analy¬ 
sis  of  Helman  and  O’Neil,  and  consistent  with  their  observed  decrease  in 
Gg,  (9). 


3.1  Properties  of  the  Apical  Cell  Membrane 

Since  the  values  of  Ru,  Rhl,  and  Rs,  as  calculated  by  this  analysis,  were 
normalized  to  the  luminal  surface  area  (inner  diameter  of  the  tubule  =  20 
H. m),  the  twofold  decrease  in  Rbt  parallels  the  measured  amplification  in  the 
surface  area  of  this  membrane  (27),  and  as  such  would  be  consistent  with  the 
altered  cellular  geometry.  In  contrast,  the  reduction  in  Ra  must  reflect  a 
change  in  the  conductive  properties  of  the  apical  cell  membrane,  as  its  area 
is  not  modified  by  DOCA  treatment  (27).  To  determine  if  this  reduction  in  Ra 
was  the  result  of  a  change  in  conductance  of  the  Na+  and/or  K+  pathways  of 
this  membrane,  the  effect  of  luminal  addition  of  amiloride  and  BaCl2  on  fRa 
was  examined.  Assuming  that  these  drugs  alter  fRa  by  effecting  only  the 
conductance  of  the  apical  cell  membrane  (1 1),  it  is  possible  to  determine  the 
fractional  Na+  and  K+  conductances  of  this  membrane.  Fig.  5.6  summarizes 
the  effects  of  these  drugs  alone  and  in  combination  on  fRa. 

As  expected,  both  amiloride  and  BaCI2  increased  fRa.  More  important, 
within  the  experimental  error  of  these  measurements,  the  change  in  the 
value  of fRa  was  not  different  between  control  and  DOCA  treated  tubules.  It 
would  seem  therefore,  that  the  fractional  Na+  and  K+  conductances  of  the 
apical  cell  membrane  were  unchanged  by  DOCA  treatment,  and  that  the 
reduction  in  Ra  was  the  result  of  an  increase  in  the  conductance  of  both  the 
Na+  and  K+  pathways.  It  is  of  interest  to  note  in  this  regard  that  mineralo- 
corticoid-mediated  changes  in  the  Na+  and  K+  conductances  of  the  luminal 
membrane  of  late  distal  tubules  in  the  rat  have  been  reported  (28,  29).  The 
importance  of  this  correlation  is  underscored  by  the  realization  in  recent 


*  This  analysis  assumes  that  the  effects  of  amiloride  and  BaCl2  are  limited  to  changes  in  Ra . 
Preliminary  studies  suggest  that  for  the  collecting  duct  this  asumption  is  valid,  since  plots  of  G, 
versus  (1  +  RJRk)  1  generated  with  addition  of  BaCI2  to  the  luminal  perfusate  are  linear.  O'Neil 
has  recently  obtained  similar  results  (personal  communication). 
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Figure  5.6.  Effect  of  10  '  M  amiloride  and  2  x  10  '  M  BaCL  on  //?„  in  control  (open  circles) 
and  DOCA  treated  (solid  circles)  tubules.  Both  drugs  alone  and  in  combination  significantly 
increased  //?,,.  However,  the  change  in  //?„  was  not  different  between  the  two  groups  of 
tubules. 


years  that  this  portion  of  the  rat  distal  tubule  comprises  the  initial  collecting 
duct  (22),  and  resembles  the  cortical  collecting  duct  both  structurally  and 
functionally  (3,  10,  22).  The  increased  conductance  of  the  apical  membrane 
Na+  and  K+  pathways  is  also  consistent  with  the  equivalent  circuit  analysis 
of  Helman  and  O’Neil  (9,  18),  where  both  G‘,5a  and  G£  were  found  to  in¬ 
crease  with  DOCA  treatment. 

When  amiloride  and  BaCl2  were  added  in  combination  to  the  luminal 
perfusate  fRa  approached  1.0.  This  was  true  in  both  control  and  DOCA- 
treated  tubules.  From  this  it  can  be  concluded  that  Na+  and  K+  are  the  major 
if  not  only  conductive  ion  species  across  the  apical  cell  membrane  and  that 
other  ion  conductive  pathways  are  not  induced  by  DOCA  treatment. 

Because  of  the  scatter  inherent  in  the  data,  the  only  conclusion  that  can 
be  drawn  from  the  effects  of  amiloride  and  BaCl2  on  fRa  (Fig.  5.6)  is  that  both 
the  Na+  and  K+  conductances  of  the  apical  cell  membrane  are  increased 
with  DOCA  treatment.  However,  there  is  some  indication  that  these  con¬ 
ductances  do  not  increase  in  exact  proportion,  but  rather  that  the  Na+  con¬ 
ductance  is  increased  to  a  slightly  larger  degree  than  K+  conductance.  For 
example,  although  not  statistically  different,  the  amiloride-induced  increase 
in  fRa  was  slightly  greater  in  DOCA-treated  tubules  (A fRa  =  0.27)  than  in 
control  tubules  (A fRa  =  0. 14).  Also,  the  equivalent  EMF  of  the  apical  mem¬ 
brane  Ea  was  reduced  by  approximately  10  mV  in  DOCA-treated  tubules 
(see  Fig.  5.5).  Since  Ea  is  determined  by  the  opposing  equivalent  EMF  and 
conductance  of  the  Na+  (£Na,  GNa)  and  K+  (EK ,  GK)  pathways. 


£Na  ‘  GNa  £|C  ‘  Gk 
Gsa  +  Gk  GNa  +  Gk 


(6) 
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a  decrease  in  its  value  would  be  consistent  with  a  greater  increase  in  GNa  as 
compared  to  G«.  This  of  course  assumes  that  neither  £Na  nor  £K  are  appre¬ 
ciably  altered  by  DOCA  treatment.  Finally,  a  tenfold  increase  in  the  luminal 
[K. +]  resulted  in  a  38.2-mV  depolarization  of  Ea  in  DOCA-treated  tubules, 
while  in  control  tubules  the  same  K+  step  depolarized  Ea  by  51.9  mV. 


3.2  Properties  of  the  Basolateral  Cell  Membrane 

As  summarized  in  Fig.  5.5,  the  equivalent  EMF  of  the  basolateral  cell  mem¬ 
brane  Eh/  is  increased  by  approximately  20  mV  in  DOCA-treated  tubules. 
Since  in  control  tubules  the  basolateral  cell  membrane  contains  conductive 
pathways  for  K+  and  Cl"  (11,  17,  20),  an  increase  in  £w  would  be  consistent 
with  either  an  increase  in  GK  and/or  a  decrease  in  Go-  This  assumes,  as 
before,  that  the  K+  and  Cl"  equivalent  EMFs  are  not  altered  by  DOCA 
treatment.  Recent  studies  by  Natke  and  Stoner  (15)  would  support  the  idea 
that  with  DOCA  treatment  GK  is  increased.  In  their  study  the  animals  did  not 
receive  exogenous  hormone,  but  rather  endogenous  aldosterone  levels  were 
increased  by  feeding  the  rabbits  a  low  Na+  diet.  Under  these  conditions  the 
apparent  K+  permeability  of  the  basolateral  cell  membrane  increased  three¬ 
fold.  Regardless  of  the  mechanism  involved,  it  is  clear  that  in  DOCA-treated 
tubules  the  basolateral  cell  membrane  is  predominantly  K+  selective.  This  is 
evident  from  the  effect  of  a  ten-fold  increase  in  the  peritubular  [K+]  on  £w. 
In  control  tubules  this  K+  step  resulted  in  a  36.5-mV  depolarization 
of  £w,  whereas  in  DOCA-treated  tubules  a  52.2-mV  depolarization  was 
observed. 

As  shown  in  Fig.  5.4,  VM  hyperpolarized  from  -84  to  -105  mV  with 
DOCA  treatment.  As  a  result  of  these  high  values  of  Vw  it  is  likely  that  K+ 
may  enter  the  cell  passively  across  the  basolateral  membrane.  Although 
intracellular  K+  activity  measurements  have  not  been  made  under  these 
conditions,  the  intracellular  [K+]  would  have  to  be  near  290  m M  if  K+  was  in 
electrochemical  equilibrium  across  this  membrane  (extracellular  [K+]  =  5.0 
mA/).  Intracellular  K+  levels  of  this  magnitude  seem  unlikely  from  osmotic 
considerations.  Furthermore,  the  highest  reported  values  of  total  cellular  K+ 
content  are  approximately  150  mAf  (15). 

If  it  is  assumed  that  the  intracellular  [K+]  is  150  mAf,  and  not  apreciably 
altered  by  DOCA  treatment,  then  the  Nernst  equilibrium  potential  for  K+ 
(£K)  would  be  -90  mV,  or  15  mV  below  the  value  of  Vw.  Accordingly,  it  can 
be  argued  that  the  Na+,K+-ATPase  is  electrogenic.  In  support  of  this  is  the 
observation  that  addition  of  ouabain  to  the  peritubular  bathing  solution 
results  in  a  two-phase  depolarization  of  VM  (see  Fig.  5.7),  with  an  initial 
rapid  depolarization  (10-15  mV)  followed  by  a  slower  and  more  prolonged 
phase.  A  similar  response  has  been  observed  in  other  epithelial  tissues  (8, 
31),  and  attributed  to  inhibition  of  an  electrogenic  pump  and  subsequent 
dissipation  of  the  cellular  ion  gradients. 
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Figure  5.7.  Effect  of  ouabain  on  Vu.  A  two-phase  depolarization  in  Vw  is  clearly  visible.  The 
vertical  lines  represent  changes  in  during  luminal  current  injection.  (Adapted  from  ref.  11, 
with  permission  of  the  publisher.) 


4.  MODEL  FOR  DOCA  REGULATION  OF  Na+  AND 
K+  TRANSPORT 

The  changes  in  the  electrical  properties  of  the  cortical  collecting  duct  with 
chronic  high-  dose  DOCA  treatment,  and  the  consequences  of  these  changes 
for  the  regulation  of  Na+  reabsorption  and  K+  secretion  are  summarized  in 
Fig.  5.8. 


Control  DOCA 


Figare  5.8.  Potential  profile  of  cells  and  model  for  regulation  of  Na*  and  K*  transport  by 
DOCA.  Na*  reabsorption  would  be  increased  with  DOCA  treatment  by  an  increase  in  Na*  ,K*- 
ATPase  activity  and  an  increase  in  the  apical  membrane  Na*  conductance.  Increased  secretion 
of  K*  would  result  from  increased  cellular  uptake  across  the  basolateral  membrane,  both  by  the 
increased  activity  of  the  Na+,K*-ATPase  and  the  favorable  electrical  gradient  for  passive  K’ 
entry.  Exit  of  K*  from  the  cell  into  the  tubule  lumen  would  be  facilitated  by  a  more  favorable 
electrical  gradient  and  by  an  increase  in  the  K*  conductance  of  this  membrane. 
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4.1.  Na+  Reabsorption 

The  increased  Na+  reabsorption  that  occurs  with  DOC  A  treatment  can  be 
attributed  to  enhanced  uptake  across  the  apical  cell  membrane,  secondary  to 
an  increase  in  the  conductance  of  this  membrane  to  Na+,  together  with 
increased  extrusion  across  the  basolateral  cell  membrane  by  way  of  the 
Na+,K+-ATPase.  Recent  studies  using  more  physiologic  doses  of  mineralo- 
corticoid  hormones  indicate  that  the  Na+,K+-ATPase  activity  increases  only 
after  the  Na+  conductance  of  the  apical  membrane  is  altered  (19).  Thus  it 
appears  that  the  increased  Na+  conductance  of  the  apical  membrane  results 
in  changes  in  intracellular  [Na+]  (or  other  secondary  changes  in  cellular 
composition),  which  in  turn  modulate  Na+,K+-ATPase  activity  by  the  syn¬ 
thesis  and/or  insertion  of  additional  enzyme  units  into  the  basolateral  cell 
membrane.  The  long-term  morphologic  consequence  of  pump  insertion  into 
the  basolateral  cell  membrane  is  that  the  area  of  this  membrane  is  dramati¬ 
cally  increased. 


4.2  K+  Secretion 

Several  mechanisms  appear  to  be  involved  in  increasing  net  K+  secretion 
during  DOCA  treatment.  The  increased  activity  of  the  Na+,K+-ATPase 
would  serve  to  increase  cellular  K+  uptake.  In  addition,  the  hyperpolariza¬ 
tion  of  VM  above  EK  would  further  augment  cellular  K+  uptake  by  bringing 
K+  passively  into  the  cell.  The  exit  of  K+  from  the  cell  into  the  tubule  lumen 
would  be  facilitated  by  the  increased  conductance  of  the  apical  cell  mem¬ 
brane  to  K+  and  by  a  more  favorable  electrochemical  gradient  resulting  from 
the  altered  potential  profile  across  the  individual  cell  membranes. 

It  should  be  recalled  that  with  chronic  DOCA  treatment  the  ratio 
decreases,  reflecting  a  larger  increase  in  net  K+  secretion  compared  to  the 
increase  in  net  Na+  reabsorption  (see  Table  5.1).  This  can  be  attributed  to 
the  DOCA-induced  changes  in  the  cellular  electrical  profile.  Under  control 
conditions  K+  is  brought  into  the  cell  by  the  action  of  the  Na+,K+-ATPase. 
This  K+  can  then  exit  the  cell  across  the  apical  cell  membrane  resulting  in 
transcellular  K+  secretion,  or  recycle  across  the  basolateral  cell  membrane. 
Under  these  conditions  could  exceed  /g?1  by  severalfold  depending  on 
the  amount  of  K+  that  is  recycled  across  the  basolateral  cell  membrane. 
With  DOCA  treatment  the  potential  profile  across  the  cell  is  altered  so  that 
the  movement  of  K+  from  the  cell  across  the  apical  membrane  is  facilitated, 
while  K+  recycling  across  the  basolateral  is  inhibited.  Indeed,  recycling 
would  not  be  expected  to  occur  since  the  electrochemical  gradient  for  K+ 
movement  across  this  membrane  is  reversed.  Under  these  conditions  J^l 
J%'  should  be  less  than  the  coupling  ratio  of  the  Na+,K+-ATPase.  If  it  is 
assumed  that  the  only  pathways  for  transepithelial  Na+  and  K+  transport  are 
as  indicated  in  Fig.  5.1  and  that  the  Na+,K+-ATPase  exchanges  3Na+  for 


5.  SUMMARY 
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2K  +  ,  then  a  ratio  of  Jjfj/yjf1  less  than  1.5  should  be  observed.  In  fact  ratios 
as  low  as  1.26  have  been  reported  (9,  18). 


4.3  Electrophysiology 


A  well-described  and  easily  measured  effect  of  DOCA  treatment  is  a  marked 
hyperpolarization  of  the  lumen  negative  VT ■  From  the  results  of  the  equiva¬ 
lent  circuit  analysis  (see  Fig.  5.5)  it  is  clear  that  this  reflects  in  part  the 
increased  resistance  of  the  shunt  pathway  Rs.  Thus 

VV  =  iRs  (7) 

where  i  is  the  current  flow  across  the  epithelium  and  is  calculated  as  ( Eh  - 
Eu )/{Ra  +  Rh,  +  Rs).  Despite  the  increase  in  Rs ,  RT  was  not  appreciably  al¬ 
tered  by  DOCA  treatment  (9,  11,  18,  and  see  above).  Rs  increased  three-fold 
with  DOCA  treatment,  while  the  transcellular  resistance  ( Ra  +  Ru)  de¬ 
creased  by  approximately  one-half.  Since  RT  is  the  parallel  sum  of  the  trans¬ 
cellular  and  paracellular  pathways, 


D  —  +  Rbl)Rs 

T  Ra  +  Rbl  +  Rs 


(8) 


the  net  result  is  that  the  transepithelial  resistance  is  not  appreciably  altered 
(9,  II,  18,  and  see  above).  Thus  with  DOCA  treatment  the  conductive  prop¬ 
erties  of  the  epithelium  reflect  to  a  greater  degree  the  properties  of  the 
transcellular  rather  than  the  paracellular  pathway. 


5.  SUMMARY 

Chronic  high-dose  mineralocorticoid  hormone  treatment  of  rabbits  results  in 
marked  alterations  of  the  structure  and  function  of  the  cortical  collecting 
duct.  Most  importantly,  the  reabsorption  of  Na+  and  the  secretion  of  K+  are 
increased.  Intracellular  microelectrode  measurements  provide  evidence 
consistent  with  the  idea  that  the  increased  transport  of  these  ions  is  a  result 
of  changes  in  the  membrane  conductances  and  electrochemical  driving 
forces  for  passive  ion  movement  and  of  the  activity  of  the  Na+,K+-ATPase. 
Specifically,  the  Na+  and  K+  conductances  of  the  apical  membrane  are 
increased,  and  the  cellular  potential  profile  is  altered  to  promote  transcellu¬ 
lar  movement  of  K+  from  the  peritubular  to  the  luminal  fluid  compartments. 
The  associated  increase  in  the  activity  of  the  Na+,K+-ATPase  facilitates 
extrusion  of  Na+  from  and  accumulation  of  K+  into  the  cell. 

The  resistance  of  both  the  apical  and  basolateral  cell  membranes  are 
reduced  with  DOCA  treatment,  while  the  resistance  of  the  paracellular  path¬ 
way  is  increased.  Consequently,  the  electrophysiological  properties  of  the 
tubule  epithelium  reflect  to  a  greater  degree  the  properties  of  the  transcellu¬ 
lar  pathway. 
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Sodium  ion  transport  across  the  toad  urinary  bladder  is  considered  to  be  a 
two-step  process  as  suggested  by  Koefed-Johnson  and  Ussing  for  frog  skin 
(22).  According  to  this  scheme,  Na+  enters  epithelial  cells  passively  from  the 
mucosal  (or  apical)  side  and  is  then  pumped  into  the  interstitial  space  by  the 
basolateral  Na+/K+  pump  (i.e.,  Na+  ,K*-ATPase*).  Entry  of  Na'  from  the 
mucosal  side  is  known  to  occur  through  apical  Na+  specific  channels  which 
can  be  blocked  by  the  diuretic  amiloride  (2,  6,  28,  35). 

The  flow  of  Na+  across  this  and  related  epithelia  is  regulated  by  two 
classes  of  hormones:  mineralcorticoids,  such  as  aldosterone,  and  antidi¬ 
uretic  peptide  hormones  (ADH)  such  as  vasopressin  and  oxytocin.  Aldoste¬ 
rone  diffuses  into  the  epithelial  cells  and  combines  with  a  receptor  in  the 
cytoplasm.  The  active  complex  is  then  translocated  to  the  nucleus  and  in¬ 
duces  RNA  and  protein  synthesis  (8,  9).  ADH,  on  the  other  hand,  binds  to  a 
receptor  on  the  basolateral  membrane  and  mediates  its  action  on  Na  trans¬ 
port  by  activating  adenylate  cyclase  (20). 

Although  the  initial  stages  of  the  hormone-cell  interaction  are  fairly  well 
understood  both  for  aldosterone  and  ADH,  the  mechanisms  by  which  Na+ 
transport  is  augmented  by  these  hormones  are  under  current  investigation. 
Accumulating  data  indicate  that  a  critical  step  in  the  stimulation  of  Na* 
transport  by  aldosterone  and  ADH  is  augmentation  of  apical  Na+  permeabil¬ 
ity  (1,  5,  12,  13,  24,  40).  For  aldosterone,  however,  effects  (direct  or  indirect) 
on  the  Na\K+-ATPase  are  also  under  consideration  (17,  29,  39). 

In  recent  studies  amiloride-induced  fluctuations  in  /sc  were  used  to  ana¬ 
lyze  the  nature  of  hormonal  effects  on  apical  Na+  permeability  (27,  35).  The 
increases  in  7SC  induced  by  both  aldosterone  and  ADH  were  proportionate  to 
increases  in  the  density  of  Na+-conducting  channels  in  the  apical  membrane, 
without  appreciable  changes  in  the  single-channel  currents.  These  findings 
indicate  the  existence  of  mechanism(s)  capable  of  activating  a  pool  of  silent 
(not  conductive)  channels,  and  also  raise  the  possibility  that  the  two  hor¬ 
mones  share  the  same  activation  process,  that  is,  a  single  pool  of  silent 
channels  is  activated  as  a  consequence  of  the  addition  of  either  aldosterone 
or  ADH. 

It  is  also  well  documented  that  the  Na+  transport  response  to  aldosterone 
depends  on  the  availability  of  metabolic  substrates  (8,  1 1).  The  dependence 
of  the  aldosterone  effect  on  cellular  metabolism  has  been  attributed  to  one  of 
two  possible  pathways:  either  an  increase  in  the  supply  of  energy  to  the  Na+ 
pump  or  to  effects  on  cellular  Na+  activity  (determined  by  the  pumping  rate), 
which  in  turn  regulates  apical  Na+  permeability  (13,  25,  40). 


*  Abbreviations:  ADH,  antidiuretic  hormone,  in  this  study  vasopressin;  TAME,  p-toluene 
sulfonyl-L-arginine  methyl  ester;  2DG,  2-deoxy-glucose;  lK.  the  transepithelial  short  circuit 
current;  G,  the  transepithelial  slope  conductance;  /Na,  the  Na*-specific  (amiloride  blockable) 
current;  JNa  the  initial  rate  of  amiloride-sensitive  22Na  uptake  measured  in  epithelial  membrane 
vesicles;  Na*  ,K '-activated  adenosine  triphosphatase  (Na*  ,K*-ATPase). 
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In  a  recent  study  we  obtained  evidence  of  direct  metabolic  regulation  of 
apical  Na*  permeability  (15).  This  mechanism  was  also  operative  in  ouabain- 
blocked  bladders  maintained  in  Na'-free  solutions.  It  is  therefore  indepen¬ 
dent  of  the  pumping  rate  or  the  internal  Na'  activity.  Reversible  energy- 
dependent  changes  in  apical  Na*  permeability  in  aldosterone-depleted 
bladders  were  also  evident.  Thus  the  apical  Na'  channels  appear  to  be 
regulated  by  some  energy-dependent  process. 

Previous  studies  on  the  regulation  of  Na*  transport  in  tight  epithelia  pro¬ 
vided  indications  of  the  existence  of  three  types  of  processes: 

1 .  Insertion  of  new  channels  in  the  apical  membrane  as  a  result  of  either 
de  novo  synthesis  of  channel  proteins  (8)  or  fusion  of  channel-containing 
vesicles  with  the  apical  membrane  (26,  32,  36). 

2.  Activation  of  a  preexisting,  nonconductive  pool  of  channels  in  the 
apical  membrane  by  means  of  chemical  modification  of  membrane  compo¬ 
nents.  Such  processes  may  involve  dephosphorylation  of  channel  proteins 
(7,  30),  or  changes  in  the  composition  of  the  lipids  surrounding  the  channels 
(19,  24,  45).  Although  not  well  documented  with  respect  to  the  actions  of 
aldosterone  or  ADH,  other  possible  effects  such  as  reducing  S-S  groups, 
methylation  of  lipids  or  proteins,  or  other  covalent  modifications,  may  have 
to  be  considered  in  the  future. 

3.  Activation  of  silent,  preexisting  channels  in  the  membrane  mediated 
by  a  cytoplasmic  effector  which  interacts  noncovalently  with  the  Na+  chan¬ 
nels,  such  as  Na*  (13,  25),  Ca2+  (3,  4,  44),  protons,  or  nucleotides. 

In  this  chapter  we  summarize  recent  experiments  designed  to  distinguish 
between  the  preceding  possibilities  and,  specifically,  whether  regulation  of 
Na*  transport  by  ADH,  aldosterone,  and  metabolism  are  mediated  by  the 
same  pool  of  reservoir  channels.  Evidence  is  provided  for  the  existence  of 
two  distinct  processes:  The  first,  which  is  triggered  by  aldosterone  and  is 
dependent  on  cellular  metabolism,  involves  the  opening  of  nonconductive 
channels  that  are  resident  in  the  apical  surface.  The  second,  triggered  by 
ADH,  involves  recruitment  of  Na*-conducting  channels  from  another  pool 
of  channels,  possibly  subapical,  and  neither  of  these  processes  involves  a 
stable,  covalent  chemical  modification  of  a  membrane  component. 


1.  AMILORIDE-SENSITIVE  TRYPSINIZATION  OF 
Na  +  CHANNELS 

A  possible  approach  to  the  study  of  mechanisms  involved  in  the  regulation  of 
Na+  channels  is  to  block  irreversibly  at  least  part  of  the  channels  present  in 
the  membrane  at  a  given  time,  and  assess  if  such  blockage  also  impairs 
hormonal  effects  on  /,c.  Such  irreversible  inactivation  of  apical  Na+  chan¬ 
nels  was  achieved  by  amiloride-sensitive  proteolytic  digestion  of  the  muco- 
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sal  surface  (14).  In  these  experiments  bladders  were  mounted  in  Ussing-type 
chambers,  and  the  changes  induced  in  apical  Na*  permeability  by  trypsin, 
amiloride,  hormones,  and  metabolism  were  assessed  by  monitoring  /st  and  G 
(14,43). 

As  described  previously  (14),  the  application  of  trypsin  (1  mg/ml)  to  the 
mucosal  surface  of  toad  bladders  evoked  substantial  decreases  in  /sc,  to 
about  50%  of  the  initial  values  (Fig.  6. 1A).  Removing  the  proteolytic  enzyme 
by  extensive  perfusion  with  trypsin-free  Ringers  (Fig.  6.1  A)  or  inhibiting  its 
action  (Fig.  1  in  ref.  14)  aborted  the  current  decrease  but  did  not  significantly 
reverse  it.  The  residual  current  was  not  decreased  further  by  a  second  appli¬ 
cation  of  trypsin  after  the  washout.  The  addition  of  amiloride  (80  fxM), 
however,  completely  inhibited  this  residual  current,  implying  that  the  Na  +  - 
conducting  channels  retained  the  amiloride-binding  site.  The  effects  of 
trypsin  on  lx  were  prevented  if  trypsin  inhibitor  (0.5  mg/ml)  was  added 
together  with  the  enzyme.  In  these  experiments  the  mucosal  and  serosal 
solutions  (NaCI  Ringers)  were  identical.  Thus  the  decrease  in  Isc  must  repre¬ 
sent  a  decrease  in  Na+  flux  across  the  epithelium,  presumably  due  to  pro¬ 
teolytic  digestion  of  a  component  of  the  apical  Na+  channels. 

The  specificity  of  the  proteolytic  attack  on  the  Na+  channels  was  assessed 
by  evaluating  the  degree  of  protection  afforded  by  pretreatment  with  ami¬ 
loride  (Fig.  6.15).  In  this  experiment,  paired  quarter  bladders  were  chal¬ 
lenged  with  amiloride  (80  gM  added  mucosally),  and  5  min  later  one  of  them 
received  trypsin.  Amiloride  and  trypsin  were  then  removed  by  perfusing  the 
mucosal  side  with  NaCI  Ringers.  This  wash  restored  the  initial  current  in  the 
quarter  bladder  that  was  trypsinized  in  the  presence  of  amiloride  in  contrast 
to  the  quarter  bladder  that  received  trypsin  alone  (compare  Fig.  6. 1 A  and 


Figure  6.1.  Trypsin  effects  on  /,,  in  the  presence  anil  absence  of  amiloride.  Paired  hemiblad- 
ders  were  mounted  in  double  chambers  and  incubated  for  several  hours  in  NaCI  Ringer's.  /H 
was  measured  in  the  quarter  bladders  as  described  previously  ( 14.  43  L  At  the  times  indicated  by 
arrows,  trypsin  (I  mg/ml)  and  amiloride  (HO  nM)  were  added  to  the  mucosal  solutions.  The 
washout  was  performed  by  perfusing  the  musocal  compartment  with  trypsin-  and  amiloride-free 
Ringer's  for  5  min.  Experimental  quarter  bladders  (•)  are  compared  to  controls  (  ) 
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Fig.  6.15),  that  is,  amiloride  prevented  the  irreversible  decrease  in  current 
induced  by  trypsin.  The  same  conclusion  was  derived  from  experiments  in 
which  one  of  two  paired  quarter  bladders  received  amiloride  and  both  tissues 
were  exposed  to  trypsin  (14).  The  possibility  that  amiloride  inactivates 
trypsin  directly  was  ruled  out  by  assaying  the  proteolytic  potency  of  the  two 
mucosal  solutions.  The  enzymatic  activity  was  80-90  TAME  units  per  milli¬ 
gram  trypsin  with  or  without  amiloride  in  the  solution. 

Table  6.1  summarizes  eight  experiments  in  which  the  protocol  of  Fig.  6.1 
was  used:  Proteolytic  digestion  decreased  7SC  to  0.52  ±  0.06  of  the  initial 
value,  and  no  significant  effect  on  the  postwashout  7SC  was  found  when 
trypsin  was  added  to  amiloride-blocked  quarter  bladders.  We  suggest  that 
binding  of  amiloride  to  the  Na+  channels  either  itself  masks  the  cleavage  site 
or  induces  conformational  changes  that  mask  the  cleavage  site  from  the 
proteolytic  enzyme. 

In  contrast  to  the  marked  trypsin-induced  change  in  7SC  no  significant 
decrease  of  G  was  detected  (Table  6. 1 ).  The  transepithelial  conductance  is  of 
course  made  up  of  three  components,  the  apical  membrane,  the  basolateral 
membrane,  and  the  paracellular  shunt  (31).  It  is  possible  that  changes  in  G 
are  small  because  only  one  of  these  components,  the  apical  membrane,  is 
affected  by  trypsinization.  To  estimate  the  effect  of  trypsinization  on  the 
apical  conductance,  we  measured  the  changes  in  7SC  and  G  in  K+ -depolarized 
bladders  in  the  presence  and  absence  of  amiloride.  The  high  serosal  K+  in 
this  preparation  causes  a  large  increase  in  the  conductance  of  the  baso¬ 
lateral  membrane  (34).  Under  these  conditions,  total  transcellular  conduc¬ 
tance  is  nearly  equal  to  the  conductance  of  the  apical  membrane  alone.  In 
addition,  amiloride  was  used  to  evaluate  the  paracellular  (amiloride-insensi- 
tive)  contribution  to  the  transepithelial  conductance.  With  this  protocol  we 
found  that  the  trypsin-induced  decrease  in  7SC  to  0.4  ±  0.04  of  the  initial 
value  was  accompanied  by  a  proportionate  decrease  in  apical  conductance 


TABLE  6.1.  EFFECTS  OF  TRYPSIN  ON  /w  AND  G  IN  THE  PRESENCE 
AND  ABSENCE  OF  AMILORIDE0 


Initial  Values 

Fractional  Change 

/sd/tA/cm2) 

G(mS/cm:) 

/sc 

C, 

Trypsin 

27.3  ±  6.7 

0.75  ±  0.09 

0.52  ±  0.06 

0.95  ±0.10 

Trypsin  +  amiloride 

28.5  ±  11.3 

0.77  ±  0.13 

1.02  ±  0.13 

1.10  ±  0.10 

Amiloride 

39.8  ±  13.9 

0.72  ±  0.20 

1.14  ±  0.10 

1.12  ±  0.06 

Diluent 

15.8  ±  3.0 

0.8  ±  0.15 

1.00  ±  0.10 

0.98  ±  0.07 

“  The  experimental  protocol  is  as  described  in  Fig.  6.1.  The  fractional  changes  of  /„  and  G  are 
the  ratios  between  the  values  measured  after  the  washout  (at  t  -  90  min)  and  the  values 
measured  before  the  addition  of  amiloride  and/or  trypsin  U  —  -  15  min).  Measurements  in  eight 
toads  were  averaged,  and  the  data  are  expressed  as  mean  ±  S.E.M.  (14). 
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to  0.38  ±  0.05  of  the  initial  value  (14).  In  contrast,  proteolytic  digestion  had 
no  significant  effect  on  the  paracellular  conductance  (1.1  ±  0.07).  The  find¬ 
ing  that  trypsinization  decreases  /sc  and  apical  conductance  to  the  same 
extent  lends  support  to  the  conclusion  that  the  changes  in  /sc  reflect  irrevers¬ 
ible  closure  of  Na+  channels. 

The  ability  of  trypsin  to  block,  irreversibly,  part  of  the  Na+-conducting 
channels  that  are  present  in  the  membrane  at  a  given  time  was  used  to 
investigate  and  distinguish  between  two  possible  mechanisms  in  hormonal 
activation  of  Na+  channels.  The  experimental  protocol  utilized  in  this  study 
is  illustrated  in  Fig.  6.2  and  involved  comparisons  of  the  responses  of  control 
and  trypsin-treated  quarter  bladders  to  ADH,  aldosterone,  and  pyruvate 
(added  to  a  substrate-depleted,  aldosterone-treated  bladder).  For  this  com¬ 
parison  two  parameters  were  calculated:  ( 1)  The  fractional  hormone-induced 
increase  in  current,  that  is,  (2)  the  normalized  incremental  increase 

in  current,  defined  as  (/sc2  -  /sci  )//«:<>• 

Two  possible  mechanisms  were  considered.  In  the  first,  denoted  Model  1, 
it  was  assumed  that  the  hormone-induced  channels  are  present  in  the  mem¬ 
brane  in  a  silent  form  prior  to  exposure  to  the  hormone  and  are  subject  to  the 
same  degree  of  trypsin  inactivation  as  the  base-line  channels.  In  this  case 
fewer  channels  will  be  opened  by  the  hormone  in  the  trypsin-inactivated 
bladder,  that  is,  (/sc2  -  /sc i)/sc0  will  be  smaller,  but  /sc2//sc,  should  have  the 
same  value  for  both  quarter  bladders. t  The  second  possibility,  denoted 
Model  II,  assumed  that  the  hormone-induced  channels  are  completely  pro¬ 
tected  from  trypsin  inactivation  prior  to  the  addition  of  hormone,  that  is, 
they  are  either  not  exposed  to  the  mucosal  solution  or  have  a  trypsin-insensi¬ 
tive  conformation.  In  this  case,  the  same  number  of  channels  will  be  induced 
by  ADH  and/or  aldosterone  in  the  control  and  trypsinized  bladders,  that  is, 
ffsc2  -  /seiVAico  will  have  the  same  value  in  both  cases.  /sc 2//SCi.  in  contrast, 
will  be  larger  for  the  trypsinized  hemibladder  by  a  factor  of  /sc0//sci .  Thus  by 
performing  the  foregoing  analysis  one  may  be  able  to  distinguish  between 
two  principal  mechanisms  for  Na+  channel  activation  (14). 

Table  6.2  summarizes  the  fractional  and  normalized  incremental  current 
changes  measured  in  control  and  trypsin-treated  bladders,  stimulated  by 
ADH,  aldosterone,  and  pyruvate  (applied  to  substrate-depleted,  aldoste- 
rone-repleted  bladders).  In  addition  to  the  experimental  values,  the  values 
predicted  by  the  models  are  also  included  in  the  table.  These  predictions 
were  made  from  the  response  of  the  control  quarter  bladders  to  ADH,  aldo¬ 
sterone,  or  pyruvate,  and  the  trypsin-induced  decrease  of  the  baseline  cur¬ 
rents  (/SC|//Sco). 


*  /«#  denotes  the  short-circuit  current  just  before  the  addition  of  trypsin  or  the  diluent.  the 
value  just  before  the  addition  of  hormone.  /«>  the  value  at  the  peak  of  the  response  to  hormone, 
t  Note  that  ADH  and  aldosterone  are  added  to  the  serosal  compartment  only,  whereas  trypsin 
is  applied  from  the  mucosal  side.  Thus  interaction  between  the  proteolytic  enzyme  and  these 
hormones  or  their  receptors  is  highly  unlikely. 
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WASH  and  /or 
INHIBIT  TRY 


Figure  6.2.  Schematic  representation  of  the  protocol  used  to  assess  the  effects  of  pretrypsini- 
zation  on  the  response  to  hormones. 


Preexposure  to  trypsin  increased  the  fractional  change  in  /sc  induced  by 
ADH  from  2.2  ±  0. 1  to  3.4  ±  0.3  and  had  no  effect  on  the  normalized  incre¬ 
mental  current  change  (Table  6.2).  This  result  is  in  full  agreement  with  the 
predictions  made  by  Model  II  and  indicates  that  exposing  the  mucosal  sur¬ 
face  to  trypsin  did  not  impair  the  ability  of  ADH  to  activate  apical  Na+ 
channels,  that  is,  the  ADH-induced  channels  were  either  not  present  in  the 
apical  membrane  or  were  in  a  tryspin-insensitive  conformation  prior  to  the 
addition  of  ADH. 


TABLE  6.2.  ANALYSIS  OF  HORMONAL  AND  METABOLIC  AUGMENTATION 
OF/«“ 


Additions 

Parameter 

Measured  Values 

Predicted  Values 

Quarters 

<«) 

Control 

Trypsin 

Treated 

Model  1 

Model  II 

(fxA/cm-’l 

26.7  ±  9.3 

25.9  ±  10.6 

ADH 

Ac  2' Ac  1 

2.2  ±  0.1 

3.4  ±  0.3 

2.2 

3.5 

12 

(Ac2  —  Acl'AcO 

l  .l  ±0.1 

1.2  ±  0.2 

0.5 

l.l 

/,d]  <MA/cm-’) 

21.7  ±  4.5 

17.1  ±  4.8 

Aldosterone 

2.4  ±  0.4 

1.9  ±  0.3 

2.4 

3.5 

12 

(Ac2  Acl/Acfl 

1 .45  ±  0.4 

0.8  ±  0.2 

0.8 

1.45 

At„  (/iA/cm:) 

12.5  ±  2.1 

18.3  ±  2.7 

Pyruvate 

Ac  2  ^  Ac  I 

1.9  ±  0.2 

1.85  ±0.15 

1.9 

2.9 

9 

^Ac  2  ^scl^Acfl 

1.2  ±  0.2 

0.65  ±  1.5 

0.6 

1.2 

"  The  fractional  and  incremental  responses  to  ADH  (50  mU/ml),  aldosterone  (0.5  uM)  and  pyruvate  (5 
m M)  were  determined  as  described  in  the  text.  The  experimental  procedures  are  given  in  ref.  14. 
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The  opposite  result  was  obtained  when  the  same  analysis  was  carried  out 
for  bladders  activated  by  aldosterone  (Table  6.2).  In  this  case  similar  frac¬ 
tional  changes  in  current  were  measured  for  the  control  and  trypsinized 
quarter  bladders,  but  the  normalized  incremental  increase  in  /sc  of  the  tryp¬ 
sinized  quarter  bladders  (0.8  ±  0.2)  was  significantly  lower  than  that  ob¬ 
tained  for  the  control  (1.45  ±  0.4).  This  result  fits  Model  I  but  not  Model  II. 
Thus,  in  contrast  to  ADH,  the  action  of  aldosterone  is  impaired  by  proteo¬ 
lytic  digestion.  The  magnitude  of  this  impairment  fits  the  possibility  that 
aldosterone  inducible  silent  channels  in  the  apical  membrane  are  inactivated 
by  the  enzyme  exactly  to  the  same  extent  as  the  baseline,  conductive,  chan¬ 
nels.  A  similar  conclusion  was  derived  from  the  response  of  substrate-de¬ 
pleted  bladders  to  pyruvate.  As  for  aldosterone,  the  trypsin-treated  quarter 
bladders  exhibit  a  “Model  I  type”  current  change  in  response  to  pyruvate. 
Thus  the  increase  in  Na+  permeability  induced  by  substrates  appears  to 
involve  a  set  of  preexisting  nonconductive  apical  channels. 

An  alternative  possibility,  however,  is  that  the  impairment  in  the  response 
to  aldosterone  and  pyruvate  is  due  to  the  lysis  of  membrane  proteins  other 
than  the  Na+  channels.  To  assess  this  possibility,  we  took  advantage  of  the 
ability  of  amiloride  to  “protect”  the  Na+  channels  from  enzymatic  digestion. 
As  shown  in  Fig.  6.1  and  Table  6.1,  amiloride  prevented  the  inactivation  of 
Na+  channels  by  trypsin  but  presumably  had  no  effect  on  the  cleavage  of 
other  “non  amiloride-binding”  proteins.  Thus,  impairment  of  the  response  to 
aldosterone  by  trypsinization  of  membrane  proteins,  other  than  silent  Na+ 
channels,  should  not  be  prevented  by  exposure  to  trypsin  in  the  presence  of 
amiloride.  If  the  hypothetical  closed  channels,  however,  happen  to  interact 
with  amiloride  in  the  same  way  as  the  baseline  (open)  channels,  trypsin 
should  have  no  effect  on  the  ability  of  aldosterone  to  stimulate  /sc .  In  eight 
pairs  of  quarter  bladders  we  saw  no  difference  in  the  response  to  aldosterone 
between  the  quarter  bladders  trypsinized  in  the  presence  of  amiloride  and 
the  control  quarter  bladders  that  were  not  exposed  to  trypsin.  This  finding 
indicates  not  only  that  the  channels  activated  by  aldosterone  were  indeed 
exposed  to  the  proteolytic  enzyme  prior  to  the  hormonal  stimulation,  but 
also  the  amiloride  binds  to  these  silent  channels  in  a  way  similar  to  the 
baseline  channels. 

In  summary,  the  data  described  in  this  section  provide  evidence  of  the 
existence  of  two  spatially  distinct  precursors  of  Na*  channels  which  are 
under  differential  control  by  ADH  and  aldosterone.  At  least  one  of  these 
precursors  is  continuously  present  in  the  apical  membrane;  it  can  be  inacti¬ 
vated  by  trypsin  and  is  capable  of  binding  amiloride.  The  other  could  be 
present  in  a  submembranal  compartment  or  have  a  trypsin-insensitive  con¬ 
formation.  The  conclusion  that  ADH  and  aldosterone  do  not  draw  on  the 
same  pool  of  inactive  channels  is  supported  by  the  finding  that  ADH  added 
to  aldosterone-treated  bladders  increased  /sc  even  more  than  in  bladders  that 
did  not  receive  aldosterone  (18).  In  two  previous  studies  an  approach  similar 
to  ours  was  used  to  investigate  hormonal  effects  on  /sc.  Palmer  and 
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Edelman  (33),  and  Park  and  Fanestil  (37)  used  diazosulfanilic  acid  (DSA) 
and  tyrosine-reactive  reagents,  respectively,  to  inhibit  the  baseline  current 
irreversibly.  In  both  studies  the  response  to  ADH  was  inhibited  as  well.  A 
possible  explanation  for  the  discrepancy  between  these  results  and  ours  is 
that  DSA  and  the  tyrosine-reactive  reagent  impair  the  ability  of  ADH  to 
insert  Na"  channels  in  the  apical  membrane  by  modifying  sites  other  than 
silent  Na+  channels,  which  are  not  modified  by  trypsin.  Alternatively,  it  is 
possible  that  the  ADH-induced  channels  are  present  in  the  apical  membrane 
in  a  conformation  that  is  sensitive  to  the  foregoing  reagents  but  insensitive  to 
trypsin. 


2.  AMILORIDE-INHIBITABLE  Na+  FLEXES  IN  APICAL 
MEMBRANE  VESICLES 

Another  system  we  used  to  explore  possible  mechanisms  of  hormonal  acti¬ 
vation  of  Na+  channels  was  a  vesicle  preparation,  isolated  from  the  toad 
bladder  epithelium,  in  which  amiloride  inhibitable  22Na+  fluxes  were  mea¬ 
sured.  These  measurements,  however,  are  subject  to  two  major  difficulties 
common  to  many  other  vesicle  preparations  that  contain  ion  channels.  First, 
Na+  flux  through  a  single  Na+  channel  is  of  the  order  of  106  ions  per  sec  (28, 
35).  Thus  the  equilibration  time  of  a  tracer  added  to  a  suspension  of  small 
vesicles  will  be  of  the  order  of  seconds,  that  is,  inaccessible  to  manual 
techniques.  Second,  the  density  of  Na+-conducting  channels  in  the  apical 
membrane  is  as  low  as  0.5//am2  (35).  The  mean  diameter  of  a  membrane 
vesicle,  which  we  estimated  from  the  electron  micrographs  of  Rodriguez  and 
Edelman  (38),  is  0.4  pirn.  Accordingly  only  part  of  the  apical  vesicles  are 
expected  to  contain  a  channel.  In  addition,  the  preparation  is  invariably 
contaminated  by  basolateral  and  mitochondrial  membranes.  One  is  there¬ 
fore  faced  with  the  problem  of  measuring  a  very  fast  flux  in  a  small  fraction 
of  the  total  vesicular  volume.  Indeed,  previous  measurements  of  Naf  fluxes 
in  toad  bladder  membrane  vesicles  either  failed  to  show  sensitivity  to  amil¬ 
oride  or  required  a  fast  reaction  apparatus  (4,  23).  To  overcome  these  diffi¬ 
culties,  Garty  et  al  (16)  developed  a  simple  and  sensitive  flux  assay  which 
enabled  us  to  detect  conveniently  amiloride-sensitive  22Na  +  fluxes  in  a  crude 
microsomal  preparation.  This  assay  proved  to  be  useful  in  a  number  of  other 
similar  systems,  such  as  gramicidin  D  incorporated  into  lipid  vesicles  and 
the  veratridine-activated,  tetrodotoxin-inhibitable  Na*  channels  in  rat  brain 
synaptic  membranes  (16). 

The  principle  of  the  assay  is  as  follows:  vesicles  are  prepared  to  contain  a 
relatively  high  concentration  of  NaCI  (55  m M),  and  shortly  before  the  assay 
the  external  Na+  is  replaced  by  K+and/or  Tris.  As  a  consequence  of  the 
imposed  ion  gradients  an  electrical  diffusion  potential  is  set  up  across  each 
membrane,  the  magnitude  of  which  is  determined  by  the  relative  permeabili¬ 
ties  of  Na+,  K+,  C!“,  and  Tris.  In  those  vesicles  that  are  highly  permeable  to 
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Na+  and  impermeable  to  K+,  Cl',  and  Tris  (i.e.,  of  apical  origin  and  contain¬ 
ing  Na+  channels),  a  maximal,  negative  inside  potential  will  be  formed. 
22Na+,  added  to  the  external  solution,  will  tend  to  equilibrate  with  the  electri¬ 
cal  potential  (without  itself  significantly  affecting  it)  and  therefore  accumu¬ 
late  selectively  in  those  vesicles  containing  Na+  channels.  In  time,  the  ion 
gradients  will  slowly  dissipate,  and  22Na+  will  leave  the  vesicles,  until  chemi¬ 
cal  equilibrium  is  reached.  The  advantages  of  measuring  22Na+  uptake  by 
this  method  are  the  following: 

1 .  At  the  peak  of  the  uptake  the  tracer  will  accumulate  inside  the  vesi¬ 
cles  at  least  100-fold.  Therefore,  the  sensitivity  of  this  transport  assay 
should  be  much  greater  than  the  conventional  measurements  of  tracer 
equilibration. 

2.  As  a  result  of  this  accumulation  the  time  course  of  22Na+  uptake  is 
relatively  slow,  that  is,  in  minutes  rather  than  in  seconds  (4,  16,  18). 

3.  The  “functional  discrimination”  between  vesicles  with  different  per¬ 
meability  characteristics  enables  the  detection  of  amiloride-sensitive 
fluxes  even  in  very  crude  cell  homogenates.  This  is  particularly  im¬ 
portant  if  the  time  delay  between  the  disruption  of  the  cells  and  the 
assay  of  Na  channels  must  be  kept  as  brief  as  possible. 

Figure  6.3  illustrates  the  time  course  of  22Na+  uptake  measured  in  toad 
bladder  microsomes  that  contain  55  mAf  NaCl  and  were  suspended  in  iso¬ 
tonic  solution  that  contained  sucrose  and  either  10  mAf  NaCl  or  10  mAf  KC1. 
In  the  absence  of  external  Na+.  22Na+  was  accumulated  to  a  peak  concentra- 


Figurc  6.3.  Time  course  of  “Na*  uptake  in  cell  membrane  vesicles.  Vesicles  were  prepared 
from  two  hemibladders  as  described  in  ref.  16  and  suspended  in  0.5  ml  homogenizing  medium 
(final  concentration  —  1  mg  protein  per  milliliter).  Aliquots  of  150  fit  were  applied  on  shorter 
Dowex  50  x  8  columns  (Tris  form)  and  eluted  with  175  m M  sucrose.  The  eluted  vesicles  ( I  ml) 
were  mixed  at  t  =  0  with  100  *d  reaction  mixture  which  contained  5  jiCi  “NaCl  plus  one  of  the 
following  mixtures:  (• — •)  1 10  mM  KCI;  (O — O)  1 10  mM  KCI  and  1  mM  amiioride:  (A — A) 
1 10  mM  NaCl:  (A — A)  1 10  mM  NaCl  +  I  m M  amiioride.  Aliquots  of  100  jud  were  sampled  at 
the  times  indicated  in  the  figure  as  described  in  ref.  16. 
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tion  in  6  min  (upper  curve)  and  then  leaked  out  slowly.  The  initial  uptake 
represents  the  accumulation  of  22Na*  in  the  vesicles,  driven  by  the  potential 
established  across  the  apical  membrane  vesicles.  The  secondary  decrease  of 
radioactivity  is  due  to  the  slow  dissipation  of  the  NaCI  gradient  (Na*/K* 
exchange  and  NaCI  efflux).  Most  of  the  22Na+  uptake  was  blocked  by  amil- 
oride  (100  yu.M)  added  to  the  vesicle  suspension  at  /  =  0  (middle  curve). 
Amiloride  decreased  the  initial  rate  of  uptake  of  22Na*  and  shifted  the  peak 
radioactivity  level  to  longer  times.  This  behavior  is  as  expected  for  a  reagent 
that  decreases  the  Na*  permeability  of  the  vesicles  (compare  Figure  5  in  ref. 
16).  When  10  mM  NaCI  was  included  in  the  external  medium  22Na*  uptake 
was  minimal,  and  sensitivity  to  amiloride  could  not  be  detected  (lower  curve 
in  Fig.  6.3).  Similarly,  22Na+  uptake  was  abolished  if  LiCI  was  used  instead 
of  NaCI  in  the  external  medium.  Thus  the  22Na  fluxes  shown  in  Fig.  6.3  occur 
in  vesicles  that  are  highly  permeable  to  Na*  and  Li*  but  relatively  imperme¬ 
able  to  K*  and  CL,  that  is,  as  predicted  for  apical  Na*-channel-containing 
vesicles  (21,  42). 

To  confirm  that  in  these  vesicles  the  amiloride-sensitive  flux  is  mediated 
by  apical  Na*  channels,  we  measured  the  dose-response  relations  of  this 
diuretic  (Fig.  6.4).  About  35%  of  22Na*  uptake  was  insensitive  to  amiloride 
(up  to  200  (x M).  The  mean  amiloride  concentration  that  produced  50%  inhibi¬ 
tion  was  4.6  ±  0.2  fiM  (N  =  5  vesicle  preparations).  This  value  is  substan¬ 
tially  higher  than  that  usually  obtained  tn  intact  bladder  (2,  35),  yet  low 
enough  to  exclude  nonspecific  amiloride  effects.  The  decreased  sensitivity 
to  amiloride,  compared  to  the  intact  bladder  may  be  a  result  of  the  high 
internal  Na*  activity  (as  compared  to  the  usual  cytoplasmic  Na*  activity), 
the  low  external  Na*  activity  (as  compared  to  the  usual  mucosal  Na*  con- 


Figure  6.4.  The  sensitivity  of  22Na*  uptake  to  amiloride  in  vesicles.  Tracer  uptake  was  mea¬ 
sured  as  described  in  the  legend  to  Fig.  6.3  and  ref.  16  using  a  reaction  mixture  that  contained 
KCI  and  various  concentrations  of  amiloride.  The  initial  rate  of -’-’Na  uptake  was  calculated,  for 
each  amiloride  concentration,  from  four  time  points  taken  during  the  first  3  min  after  adding 
22Na\  These  rates  are  presented  as  percent  of  the  rate  in  the  absence  of  amiloride. 
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centrations),  or  the  magnitude  of  the  electrical  potential  imposed  across  the 
apical  membrane  in  our  preparations.  Indeed,  Shum  and  Fanelli  (41)  found 
that  in  frog  skin  substitution  of  high  internal  and  zero  external  Na*  concen¬ 
trations  for  the  standard  solutions  increased  the  Kj  of  amiloride  from  0.44 
IxM  to  2.3  mM. 

We  used  the  vesicle  preparation  to  determine  if  activation  of  Na+  chan¬ 
nels  in  intact  bladders  by  ADH  and  aldosterone  is  preserved  in  the  isolated 
membranes  obtained  from  these  bladders.  In  these  experiments,  one  of  each 
pair  of  hemibladders  was  treated  with  ADH  or  aldosterone  and  the  other 
served  as  a  control.  After  the  full  hormonal  effect  on  /sc  had  been  developed, 
membrane  vesicles  were  prepared,  and  “Na+  uptake  was  measured  in  the 
presence  and  absence  of  amiloride,  as  described  previously  (16). 

As  observed  in  many  previous  studies,  aldosterone  and  ADH  both  in¬ 
duced  two-fold  increases  in  lsc  (Table  6.3),  but  no  significant  increases  were 
detected  in  yNa  measured  in  vesicles  isolated  from  the  hormone-treated 
hemibladders  (Table  6.3).  The  ratio  of  the  fluxes  measured  in  the  control  and 
hormone-treated  vesicles  did  not  differ  significantly  from  one.  The  J Na  val¬ 
ues  obtained  in  the  experiments  with  aldosterone,  however,  were  about  half 
of  the  values  obtained  in  the  experiments  with  ADH  (both  control  and  hor- 


TABLE  6.3.  COMPARISON  OF  HORMONAL  EFFECTS  ON  fw  IN 
ISOLATED  TOAD  BLADDERS  AND  JN,  IN  EPITHELIAL  VESICLES" 


/sc(/aA/mg  Protein) 

Treated 

Hemibladder 

Control 

Hemibladder 

Paired 

Ratio 

I  Aldosterone 

181.7  ±  47.2 

120.3  ±  20.6 

1.8  ±  0.5 

II  ADH 

308  ±  48.5 

147.7  ±  47.2 

2.7  ±  0.9 

III  2-DG 

48.3  ±21.1 

203  ±  54.6 

0.29  ±0.13 

yNa(pmol  “NaVmg  min) 

I  Aldosterone 

0.68  ±  0.07 

0.65  ±  0. 1 

1 .07  ±  0.08 

II  ADH 

1.13  ±  0.18 

1.35  ±  0.18 

0.85  ±  0.1 

III  2-DG 

1.3  ±  0.07 

1.22  ±  0.11 

1.1  ±  0.15 

“  Paired  hemibladders  were  mounted  and  treated  as  follows. 


I.  One  hemibladder  (treated)  received  aldosterone  (0.5  \xM  serosal  side  only)  and  the  other 
(control)  an  equal  volume  of  diluent.  The  hemibladders  were  incubated  in  NaC’l  Ringers  for 
14-18  h.  Then  /„  was  measured,  vesicles  prepared.  and7Na  measured  as  described  in  ref.  16. 

II.  The  treated  hemibladder  received  ADH  (50  mU/ml  added  serosally)  and  the  control 
diluent.  /„  was  recorded  continuously,  and  when  maximal  stimulation  was  obtained  (15- 
20  min)  the  cells  were  scraped  and  treated  as  described. 

Ill-  The  treated  hemibladder  received  2-deoxyglucose  (10  mW,  added  serosally)  and  (he 
control  glucose  ( 10  mM,  added  serosally).  Two  hours  later  lv  was  measured,  the  cells  were 
scraped,  and  treated  as  before.  For  each  treatment  four  experiments  were  averaged,  and  the 
data  are  expressed  as  mean  ±  S.E.M. 
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mone-treated  vesicles).  This  difference  probably  is  a  result  of  overnight 
incubation  of  the  mounted  bladders  in  the  aldosterone  experiments,  whereas 
in  the  case  of  ADH  cells  were  scraped  from  freshly  mounted  tissues.  Over¬ 
night  incubation  of  the  mounted  bladders  did  indeed  reduce  /sc  to  0.43  ±  0. 1 
{N  =  4  hemibladders)  of  the  initial  value,  that  is,  this  treatment,  unlike  the 
application  of  ADH  or  aldosterone,  induced  a  proportionate  change  of  A*, 
and  7Na . 

The  foregoing  protocol  was  also  used  to  examine  whether  the  decrease  of 
apical  Na"  permeability  induced  by  metabolic  inhibitors  such  as  2-deoxyglu- 
cose  and  oxythamine  is  reflected  in  the  vesicles  isolated  from  the  inhibited 
bladders.  A  2-h  incubation  with  2-deoxyglucose  (10  mW)  reduced  /SL  to 
0.29  ±  0.13  of  the  control  value  measured  in  a  paired  hemibladder  that  re¬ 
ceived  lOmM  glucose  (Table  6.3).  This  decrease,  however,  was  not  associ¬ 
ated  with  a  significant  change  of  JNa  (Table  6.3).  Thus,  as  for  aldosterone  and 
ADH,  the  changes  induced  in  apical  Naf  permeability  by  2-deoxyglucose  in 
intact  bladders  are  not  retained  by  the  vesicles  isolated  from  these  bladders. 

The  fact  that  the  hormonal  and  metabolic  effects  on  7X(.  were  not  preserved 
in  the  vesicles  isolated  from  the  treated  bladders  may  serve  as  a  criterion  for 
distinguishing  among  some  of  the  possible  mechanisms  responsible  for  the 
activation  of  apical  Na+  channels.  For  instance,  the  possibility  that  aldoste¬ 
rone  stimulates  Na+  transport  by  enhancing  the  synthesis  of  new  channel 
proteins  (8)  or  by  modifying  apical  membrane  lipid  composition  (19,  24)  now 
seems  unlikely.  In  both  cases,  stable,  covalent  modification  of  the  apical 
surface  should  be  preserved  in  the  membrane  vesicles. 

These  data,  however,  are  in  agreement  with  other  possible  mechanisms 
that  involve  noncovalent  interactions  between  channels  and  cytoplasmic 
effectors  such  as  Ca2+  or  Na+  (3,  4,  13,  25,  44)  or  mechanisms  that  assume 
covalent  but  unstable  modification  of  the  channel  protein  (e.g.,  cAMP- 
dependent  dephosphorylation)  (7,  30).  In  these  cases  the  hormonal  effect  is 
expected  to  reverse  shortly  after  the  cell  is  ruptured  and  the  cytoplasm  is 
replaced  by  the  external  medium.  In  previous  studies  special  consideration 
has  been  given  to  the  possibility  that  ADH  stimulates  Na+  transport  by 
inducing  the  fusion  of  channel-containing  vesicles  with  the  apical  membrane 
(26,  32,  36).  This  model  is  supported  by  the  finding  that  the  ADH-induced 
channels  are  inaccessible  to  trypsin  prior  to  the  addition  of  this  hormone 
(14).  The  fact  that  the  ADH-induced  increase  in  Na+  permeability  is  not 
retained  by  the  vesicles  isolated  from  ADH-treated  bladders  was  somewhat 
unexpected.  The  interpretation  of  this  result,  however,  is  complicated  be¬ 
cause: 

I.  It  is  well  documented  that  the  ADH  effect  on  Na+  transport  is  tran¬ 
sient  and  /,t  decays  to  the  pre-ADH  values  within  1-3  h.  Since  the  nature  of 
this  reversibility  is  not  understood  it  is  difficult  to  predict  whether  or  not 
disruption  of  the  cell  membrane  will  “freeze”  the  high-permeability  state  of 
the  apical  membrane. 


118 


HORMONAL  REGULATION  OF  Na  CHANNELS 


2.  Fusion  of  cytoplasmic  vesicles  with  the  plasma  membrane  could  in 
principle  be  either  facilitated  or  reversed  by  homogenizing  the  cells.  In  this 
case  the  distribution  of  Naf  channels  between  plasma  membrane  and  cyto¬ 
plasmic  vesicles  will  be  unrelated  to  their  distribution  in  the  intact  cells. 

3.  Cytoplasmic  Na+  channel-containing  vesicles  may  contribute  to  the 
measured  amiloride-sensitive  flux  in  the  isolated  microsomes.  Thus  the  flux 
assay  may  not  distinguish  between  channels  in  plasma  membrane  and  cyto¬ 
plasmic  vesicles. 


3.  CONCLUSION 

Our  results  and  studies  by  others  led  to  the  construction  of  the  scheme 
illustrated  in  Fig.  6.5.  The  main  features  of  this  scheme  are  as  follows:  (1) 
Na+  channels  exist  in  the  apical  membrane  in  at  least  two  conformations, 
closed  (nonconductive)  and  open  (conductive).  Both  conformations  can  be 
cleaved  by  trypsin  and  bind  amiloride  (upper  illustration).  (2)  As  suggested 
by  others  (3,  4,  44)  Ca2+  can  block  Na+  channels  from  the  cytoplasmic  side. 
The  target  for  Ca2+  ions  will  be  either  the  cytoplasmic  side  of  the  open 
channel  or  the  reaction  that  activates  closed  channels  (upper  illustration).  It 
has  been  suggested  that  cellular  Na+  may  have  similar  functions  (13,  25). 
However,  no  convincing  evidence  in  favor  of  this  model  has  been  presented 
thus  far.  (3)  Aldosterone  acts  by  shifting  the  equilibrium  between  the  two 
conformations  toward  the  open  state  by  an  as  yet  unknown  process.  This 
process,  however,  does  not  involve  a  stable  covalent  modification  of  the 
apical  membrane  proteins  or  lipids.  The  aldosterone  effect  is  mediated  by 
some  energy-dependent  pathway  (lower  illustration).  (4)  Cellular  metabo¬ 
lism  can  reversibly  modulate  the  equilibrium  between  the  closed  and  open 
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Flfwre  6.5.  Model  of  the  pathways  for  the  regulation  of  apical  Na  channels  in  toad  bladder. 
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states.  This  effect  is  not  mediated  by  metabolic  effects  on  the  basal-lateral 
Naf  pump  or  the  cytoplasmic  Na*  activity  (15).  (5)  ADH  affects  the  apical 
Na+  permeability  through  another  pathway  which  does  not  involve  the  pre¬ 
viously  postulated  equilibrium  between  closed  and  open  channels.  This  hor¬ 
mone  may  either  induce  the  fusion  of  channel-containing  vesicles  with  the 
apical  membrane  or  recruit  another  trypsin-insensitive  pool  of  apical  chan¬ 
nels  (lower  illustration). 
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K1NINS  IN  EPITHKLIAL  ION  THAXSPOHT 


Segments  of  intestinal  epithelia  serve  as  convenient  model  tissues  for  the 
study  of  the  mechanisms  responsible  for  peptide  hormone  effects  on  trans¬ 
port  (8,  9,  3 1 ).  The  recent  observations  that  the  kinin  peptides  are  among  the 
most  potent  stimuli  of  intestinal  chloride  secretion  (6,  7,  17),  allow  the 
addition  of  these  agents  to  the  list  of  peptides  with  a  potential  physiological 
or  pathophysiological  role  in  epithelial  ion  transport.  The  intestinal  epithe¬ 
lium  is  also  known  to  contain  significant  quantities  of  tissue  kallikreins  (10), 
specific  serine  proteinases  capable  of  attacking  kininogen  substrates  to  liber¬ 
ate  either  lysyl  bradykinin  (kallidin)  or  bradykinin.  The  functional  responsi¬ 
bilities  of  endogenous  tissue  kallikreins  (and  their  kinin  products)  are  still 
uncertain  despite  decades  of  study.  However,  recent  evidence  suggests 
some  sort  of  kallikrein  involvement  in  membrane  transporting  processes  in 
kidney  as  well  as  in  intestine.  Some  of  the  work  described  here  represents  a 
review  of  findings  concerned  predominantly  with  relations  between  tissue 
kallikrein  and  transepithelial  electrolyte  transport.  The  rest  covers  very  re¬ 
cent  studies  of  kinin  effects  upon  epithelial  ion  transport  events  and  some  of 
the  mechanisms  involved  in  these  events. 


1.  TISSUE  KALLIKREINS  AND  ELECTROLYTE 
HOMEOSTASIS 

The  first  association  of  tissue  kallikreins  with  electrolyte  homeostasis  was 
the  finding  that  the  urinary  excretion  of  human  or  rat  renal  kallikrein  was 
increased  markedly  by  low  dietary  sodium  intake  (12,  20).  These  observa¬ 
tions,  in  conjuction  with  abnormally  elevated  kallikrein  excretion  in  diseases 
of  aldosterone  excess  (e.g.,  primary  aldosteronism,  Bartter's  syndrome)  (13. 
21)  led  to  many  additional  efforts  which  have  established  close  correlations 
between  urinary  kallikrein  excretion  and/or  renal  kallikrein  levels  and  so¬ 
dium-retaining  steroid  activity  (18).  With  the  development  of  a  method  to 
measure  tissue  kallikrein  synthesis  (22),  it  is  now  possible  to  state  that  in¬ 
creased  renal  tissue  kallikrein  levels,  or  excretion  in  response  to  low  dietary 
sodium,  signify  increased  kallikrein  synthesis  (Table  7.1).  Whether  this  rep¬ 
resents  a  direct  effect  of  sodium-retaining  steroid  upon  the  rate  of  synthesis 
of  this  constituitive  enzyme  of  renal  tubular  cells  (2,  24,  37)  or  an  indirect 
response  to  other  renal  cellular  events  remains  to  be  determined.  However, 
renal  kallikrein  is  localized  in  portions  of  the  nephron  long  considered  to  be 
aldosterone  sensitive,  namely,  the  cortical  distal  convoluted  tubule  and  col¬ 
lecting  duct  (27,  28,  33).  Recently,  the  kininogen  substrate  from  which  the 
tissue  kallikreins  liberate  kallidin  has  been  localized  to  the  same  tubular 
segments  (29).  Studies  of  isolated  renal  cortical  cells  in  suspension  or  of 
renal  cortical  subcellular  fractions  have  established  that  tissue  kallikreins  are 
enriched  in  plasma  membranes,  with  evidence  for  both  apical  and  basolat- 
eral  distributions  (15,  27,  28,  33,  39).  The  enzyme  behaves  as  a  membrane- 
bound  ectoprotein  with  active  sites  accessible  to  kallikrein  inhibitors,  anti- 
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TABLE  7.1.  EFFECT  OF  LOW  DIETARY  SODIUM  ON  KALLIKREIN  CONTENT 
AND  SYNTHESIS  RATE  IN  RAT  KIDNEY  AND  SUBMAXILLARY  GLAND" 


Kidney  Kallikrein 

Submaxillary  Gland  Kallikrein 

Content 
(ng/mg  protein) 

Synthesis  Rate 
(kallikrein  CPM/ 
protein  CPM) 

Content 
(/ug/mg  protein) 

Synthesis  Rate 
(kallikrein  CPM/ 
protein  CPM) 

Control 

Low  Na* 

20.3  ±  1.3 

36.7  ±  3.0 

(P  <  0.001) 

7.3  ±  0.4  x  10  4 

13.5  ±  1.7  x  10  4 

(P  <  0.003) 

39.3  ±  3.3 

46.1  ±  4.4 

(NS) 

3.0  ±  0.2  x  10  : 

3.2  ±  0.3  x  10  - 

(NS) 

"  Male  Sprague-Dawley  rats  were  kept  t  >  eit1  •—  ••  control  or  low  sodium  diet  then  injected  with 
|  "S|methionine  three  to  four  weeks  later.  Kai’ikrein  content  and  incorporation  of  |  "S]methionine 
were  measured  as  described  in  ref.  22.  All  vaiues  are  means  ±  S.E.  («  =  8). 


bodies,  and  substrates  (2).  These  findings  led  to  studies  of  kallikrein 
interactions  with  amiloride  (19)  and  monovalent  cations  (3)  which  have 
shown  that  both  are  capable  of  inhibiting  the  purified  enzyme  in  vitro  but  that 
only  the  former  is  equally  effective  in  inhibiting  membrane-bound  enzyme 
(Figs.  7. 1  and  7.2).  It  must  be  emphasized  that  the  concentrations  of  amiloride 


Figure  7.1.  Inhibition  of  rat  or  human  urinary  kallikrein  or  of  renal  cortical  cell  suspension 
Tos-Arg-OFHIMe  esterase  activity  by  amiloride.  Ten  microliters  (II  nM)  of  either  rat  (•)  or 
human  (O)  urinary  kallikrein,  10  p.1  of  water  or  water  plus  amiloride  (final  concentrations  as 
indicated),  and  30  p. I  of  0.2  M  Tris-HCI  buffer,  pH  8  were  mixed  and  allowed  to  stand  for  30  min 
at  25°C.  Twenty  microliters  of  freshly  prepared  rat  renal  cortical  cells  (■)  (5.0  x  I06  cells  per 
milliliter)  in  phosphate-buffered  saline  containing  2  m M  Ca2*,  20  /a I  of  0.2  M  Tris-HCI  buffer, 
pH  8,  and  10  fx I  of  water  or  water  containing  amiloride  (final  concentrations  as  indicated)  were 
mixed  and  allowed  to  stand  for  30  min  at  25°C.  Tos-Arg-0['H]Me  (3.0  x  104  cpm.  10  /d)  was 
added,  mixed,  and  allowed  to  incubate  for  30  min.  The  reaction  was  stopped,  and  the  [’H] 
methanol  released  was  measured  as  described  in  ref.  20.  Activity  is  expressed  as  the  percent  of 
control  esterase  activity  in  the  absence  of  amiloride.  Each  value  represents  the  mean  ±  S.E.  of 
from  6-12  experiments  in  duplicate.  (Reprinted  with  permission  from  ref.  19.) 
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Figure  7.2.  Effect  of  NaCl  on  soluble  ver¬ 
sus  membrane-bound  renal  kallikreins.  Es¬ 
terase,  kininogenase,  and  immunoreactivity 
of  rat  urinary  kallikrein  and  rat  renal  cortical 
microsomal  fractions  were  measured.  Puri¬ 
fied  rat  urinary  kallikrein  or  amounts  of  rat 
renal  microsomal  fractions  of  comparable 
activity  were  mixed  with  NaCl  (preincuba¬ 
tion  mixture  concentration  as  indicated)  at 
37°C  for  30  min.  Subsequent  kallikrein  assay 
procedures  are  described  in  ref.  31.  Open 
symbols  represent  purified  enzyme  and 
closed  symbols  represent  membrane-bound 
enzyme.  O,  •,  esterase  activity;  A,  A, 
kininogenase  activity;  □,  ■,  immunoreac¬ 
tivity.  (Reprinted  with  permission  from  ref. 
3.) 


required  to  inhibit  all  tested  activities  of  human  or  rat  tissue  kallikreins  50% 
range  from  85  to  230  /xM,  depending  upon  substrate,  enzyme  preparation,  or 
assay  system.  These  concentrations  are  far  above  those  required  for  inhibi¬ 
tion  of  amiloride-sensitive  sodium  channels,  but  are  lower  than  required  to 
inhibit  other  sodium  entry  pathways  or  Na+,K+-ATPase  activity  (1,  34). 
Recently,  amiloride  infused  intravenously  into  rats  was  found  to  reduce 
significantly  both  urinary  kallikrein  activity  as  well  as  kinin  excretion,  along 
with  the  expected  diuresis  and  increased  urinary  osmolar  concentration  (32). 

An  attempt  to  extend  these  inferential  findings  to  a  convenient,  aldoster¬ 
one-  and  amiloride-sensitive  epithelium  that  contained  tissue  kallikrein  was 
made  and  we  focused  upon  the  urinary  bladder  and  skin  of  Bufo  marinus 
toads  where  a  high  concentration  of  kallikrein-like  enzyme(s)  was  found. 
This  membrane-bound  activity  could  be  inhibited  by  amiloride  with  signifi¬ 
cant  inhibition  appearing  with  a  low  drug  concentration  (~  10  8  M)  but  major 
inhibition  at  about  10  4  M  (Fig.  7.3).  Initial  attempts  to  determine  whether 
this  enzymatic  activity  could  be  related  to  any  ion  transport  events  examined 
the  effects  of  known  inhibitors  of  kallikreins  on  urinary  bladder  short  circuit 
current  (SCC)  measured  in  the  usual  fashion  (25).  A  reversible  inhibitor 
(aprotinin)  and  an  irreversible  inhibitor  (D-phe-D-phe-L-arg-chloromethyl- 
ketone,  DPPA)  of  tissue  kallikreins  inhibit  SCC  at  this  site,  but  only  par¬ 
tially  (Fig.  7.4).  Aprotinin  effects  on  SCC  were  reversible  and  DPPA  effects 
were  irreversible.  Both  were  effective  more  promptly  and  with  lower  doses 
after  mucosal  addition  than  after  serosal  addition.  The  soya  bean  trypsin 
inhibitor  (SBTI)  is  an  effective  and  potent  inhibitor  of  trypsin-like  serine 
proteinases,  including  the  enzymes  known  as  plasma  kallikreins.  This  re¬ 
agent  had  no  effect  on  urinary  bladder  SCC  (25),  and  this  lack  of  efficacy  is 
notable  because  SBTI  is  not  an  inhibitor  of  tissue  kallikreins  (36).  Experi¬ 
ments  carried  out  to  assess  the  effects  of  aprotinin  or  DPPA  on  the  ampho¬ 
tericin  B-induced  SCC  after  bladder  exposure  to  a  high  concentration  of 
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Figure  7.3.  Tos-Arg-0['HIMe  esterase  (kallikrein-like)  activity  of  toad  bladder  pieces  in  the 
absence  (C)  or  the  presence  of  amiloride.  Each  box  represents  the  mean  ±  S.E.  of  the  esterase 
activity  (expressed  as  counts  per  minute  of  ('Hlmethanol  released  per  0.25  cm2/30  min)  of  no 
less  than  45  separate  pieces  from  15  to  20  hemibladders.  NS,  not  significantly  different  from 
control.  *,  **,  differ  from  control  with  P  <  0.05  or  0.001,  respectively.  (Reprinted  with  permis¬ 
sion  from  ref.  19.) 


amiloride  disclosed  no  reduction  in  the  induced  SCC  (26).  This  was  in  con¬ 
trast  to  the  observed  reduction  with  ouabain  and,  together  with  the  available 
localization  data,  suggests  that  tissue  kallikrein  inhibitors  reduce  SCC  at  this 
site  by  some  action(s)  at  or  near  the  mucosal  surface.  Clearly,  the  further 
characterization  of  this  amphibian  kallikreinlike  enzymatic  activity  and  the 
availability  of  antibodies  to  it  will  be  of  help  in  determining  its  relation  to  ion 
transport  events  in  these  amphibian  tissues. 

An  examination  of  the  effects  of  the  mammalian  kinin  products  of  kalli- 
kreins  upon  ion  transport  processes  in  the  amphibian  bladder  or  skin  was 
unsuccessful  because  neither  tissue  showed  changes  in  SCC  in  response  to 
bradykinin  or  kallidin  (Orce,  Cuthbert,  and  Margolius,  unpublished  obser¬ 
vations).  This  negative  finding,  perhaps  related  to  the  observation  that  the 
amphibian  bladder  kinin  known  as  bufokinin  is  probably  structurally  dissimi¬ 
lar  from  its  mammalian  counterparts  (11),  along  with  recent  evidence  show¬ 
ing  that  the  mammalian  intestine  contained  quantities  of  a  predominantly 
inactive  tissue  kallikrein  characterized  as  being  identical  to  the  urinary  en¬ 
zyme  (41),  suggested  the  rat  colon  might  be  a  fruitful  site  for  further  efforts. 
This  notion  was  reinforced  to  some  extent  by  the  studies  of  Will  et  al.  (38), 
who  showed  that  the  descending  colon  of  rats  eating  a  chronic  low  dietary 
sodium  intake  or  given  sodium-retaining  steroids  exhibited  increased  basal 
SCC,  sodium  reabsorption,  and  amiloride  sensitivity.  In  addition,  we  had 
found  that  the  rate  of  tissue  kallikrein  synthesis  by  rat  descending  colon  is 
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Figure  7.4.  Effect  of  mucosal  aprotinin  on  baseline  SCC  in  Bufo  marinus  urinary  bladder. 
Aprotinin  was  added  to  the  mucosal  bath  of  one  quarter  bladder  (A),  the  control  quarter  bladder 
(•)  receiving  an  equal  volume  of  vehicle.  Both  quarter  bladders  were  rinsed  three  times  with 
inhibitor-free  Ringer  solution  90  min  later  and  SCC  again  recorded.  SCC  at  0  time  was  154.1  ± 
29.7  and  149.2  ±  33.2  /M/3.3  cm2  for  the  aprotinin-treated  versus  control  quarter  bladders, 
respectively  (NS).  (Data  from  ref.  25.) 


comparable  to  that  in  kidney,  and  is  very  rapid  (Table  7.2).  The  seemingly 
reasonable  notion  that  mucosally  applied  kinins  would  affect  cation  move¬ 
ment  at  this  site  was  then  examined. 


2.  KININS  AND  INTESTINAL  ION  TRANSPORT 

Bradykinin  or  kallidin  was  found  to  be  totally  ineffective  in  changing  SCC 
when  added  to  the  mucosal  bath  of  Ussing  chambers  in  which  pieces  of 
stripped  rat  descending  colon  are  mounted.  However,  both  increased  SCC 
immediately  after  addition  to  the  medium  bathing  serosal  surfaces  of  the 
descending  colon  (Fig.  7.5).  This  response  was  unaffected  by  mucosal  ami- 
loride.  Threshold  kinin  concentration  is  about  500  pM,  and  maximal  re¬ 
sponses  (ASCC  ~  70  /u. A/cm2)  are  seen  with  50-100  nA/  kinin.  Kinin  re¬ 
sponses  were  often  transient  for  unknown  reasons.  Both  a  highly  purified  rat 
urinary  kallikrein  or  mellitin,  a  potent  activator  of  membrane-bound  kalli- 
kreins,  also  increased  SCC  after  addition  to  the  serosal  bath  (7).  The  changes 


2  _  S  _ 

-  ?  o  ? 

+i  2  +i  2 

x  00  x 


n  r-  iai  ^ 
O  —  O  ® 

Tf  —  — 

+1  +1 


Tf  O  ^ 

Os 

oo—oo 

+1  +1 


O  Ji  t  1,1 

—  <>  )P  'O 

<N  v©  Ov  </1 
O  V~> 

+1  +1 


128 


KININS  IN  EPITHELIAL  ION  TRANSPORT 


Figure  7.5.  Typical  effects  of  kallidin  on  rat  colon  SCC.  The  peptide  was  added  cumulatively 
to  the  serosal  bath  of  an  Ussing-type  chamber.  Added  amounts  of  amiloride  (up  to  111  fj.M 
cumulatively  added  to  the  mucosa)  did  not  affect  basal  SCC  in  this  or  nine  other  experiments. 
The  SCC  response  to  kinins  was  generally  transient  for  unknown  reasons.  (Reproduced  with 
permission  from  ref.  7.) 


in  SCC  were  accompanied  by  significant  increases  in  transepithelial  conduc¬ 
tance  from  12.1  ±  2.7  to  13.6  ±  2.8  mmhos/cm2  ( p  <  0.001).  With  replace¬ 
ment  of  serosal  medium  chloride  by  gluconate  and  sulphate,  kinin  responses 
were  almost  completely  abolished,  but  could  be  reinstituted  when  chloride- 
containing  medium  was  again  present.  Serosal  furosemide  significantly  at¬ 
tenuated  the  SCC  response  to  kallidin.  In  nine  preparations,  the  response  to 
kallidin  (0.1  pM)  was  58.9  ±  15.1  pA/cm 2  before,  and  19.8  ±  6.2  pA/cm2 
after  furosemide  ( 100  pM)  (p  <  0.05).  In  these  earliest  studies  of  kinin  effects 
on  SCC,  indomethacin  (50  pM)  or  mepacrine  (10  pM)  added  to  the  serosal 
bath  abolished  or  attenuated  SCC  responses.  However,  some  subsequent 
studies  (discussed  later)  suggest  that  the  conclusion  reached  by  us  (7)  and 
others  (16)  on  the  basis  of  such  results,  namely,  that  the  kinin-induced  SCC 
response  was  by  way  of  a  prostaglandin-dependent  pathway,  was  not  a  fully 
accurate  one. 

Regardless  of  the  mechanistic  elements  involved  in  the  kinin-induced 
intestinal  SCC  response,  it  is  now  clearly  established  that  net  chloride  secre¬ 
tion  accounts  for  the  major  portion  of  kinin-induced  charge  movement.  This 
effect  is  shown  in  Table  7.3.  In  the  control  periods  there  was  net  chloride 
movement  from  mucosa  to  serosa  (4.32  pEq/cm2  hr).  The  mean  current  in 
these  tissues  before  kallidin  was  25.2  ±  6.1  pA/cm2  (n  =  14),  which  corre¬ 
sponds  to  an  outward  (toward  the  lumen)  chloride  movement  of  0.94  pEq/ 
cm2  hr,  which  clearly  cannot  be  equated  to  the  resting  current.  Kallidin 
(1  pM)  reduced  net  chloride  absorption  to  0.23  pEq/cm2  hr,  a  value  not 
significantly  different  from  zero.  This  change  in  chloride  movement  caused 
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TABLE  7.3.  EFFECTS  OF  KALLIDIN  ON  CHLORIDE 
FLUXES'' 


Control  Kallidin 

ysm  (0-30)  ysm  (32-62) 

16.95  ±  1.35  19.08  ±  1.57 

P  <  0.0025 


sm 

2.13  ±  0.41 


ASCC 
3.20  ±  0.40 


Control  Kallidin 

yms  (0-30)  yms  (32-62)  A yms  ASCC 

21.17  ±1.36  19.31  ±  1.64  -1.96  ±  0.57  2.73  ±  0.56 

P  <  0.05 


“  All  values  are  expressed  in  micro  equivalents  per  square  centimeter  per 
hour.  Each  measurement  is  the  mean  value  ±  S.E.  (n  =  7).  and  yms 
refer,  respectively,  to  the  serosal-to-mucosal  and  to  the  mucosal-to-serosal 
unidirectional  chloride  flux.  Kallidin  (l  ptW)  was  present  in  the  serosal 
bathing  solution  during  the  period  32-62  min,  while  0-30  min  was  the 
control  period.  The  A  values  refer  to  the  changes  in  flux  or  in  SCC  caused 
by  kallidin.  Experimental  details  appear  in  ref.  7,  from  which  this  data  is 
reproduced,  with  permission. 


by  the  kinin  is  equal  to  4.09  /xEq/cm2  hr,  equivalent  to  approximately  137% 
of  the  current  change  caused  by  the  kinin.  The  effects  of  kallidin  are  both  to 
reduce  chloride  movement  inward  from  the  lumen  and  to  increase  chloride 
efflux  to  similar  extents.  It  should  be  noted  that  the  average  values  in  Table 
7.3  obscure  the  variability  among  different  tissues.  In  some  cases,  aug¬ 
mented  serosal  to  mucosal  chloride  flux  could  account  for  more  than  80%  of 
the  increment  in  current  induced  by  kallidin;  in  others  almost  all  of  the 
increment  could  result  from  a  decrease  in  yMsCI. 

Similar  sets  of  flux  studies  were  carried  out  to  examine  movements  of 
sodium  or  potassium  (using  ^Rb*).  Kallidin  caused  small,  but  statistically 
significant,  decreases  in  both  JsiviNa  and  yMsNa  (7).  These  changes  in  sodium 
transport  induced  by  kallidin  can  have  little  importance  for  the  effects  of  the 
peptide  on  SCC  in  this  tissue,  except  insofar  as  the  direction  of  the  changes 
would  reduce  by  approximately  10%  the  discrepancy  between  the  kallidin- 
induced  net  chloride  flux  and  SCC.  No  physiologically  significant  changes  in 
Rb+  fluxes  were  noted  in  response  to  kallidin. 

The  foregoing  results  and  those  of  Manning  et  al.  (17),  clearly  establish 
that  kinins  are  among  the  most  potent  stimuli  discovered  to  the  process  of 
net  chloride  secretion  in  the  intestine.  These  findings  are  in  accord  with  an 
earlier  prediction  by  Hardcastle  and  associates  (14)  based  on  their  prelimi¬ 
nary  studies  of  kinin  effects  on  rat  transintestinal  potential  differences  using 
both  in  vivo  and  in  vitro  preparations. 
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3.  MEDIATORS  OF  KININ-INDUCED  INTESTINAL 
CHLORIDE  SECRETION 

One  question  now  arising  concerns  the  mediators  of  this  secretory  response. 
Many  previous  studies  carried  out  using  a  variety  of  cellular,  tissue,  or 
whole  animal  systems  have  suggested  that  arachadonic  acid  metabolites  are 
crucially  involved  in  kinin-induced  ion  transport  and  hemodynamic  events 
(23),  although  reports  have  appeared  that  are  inconsistent  with  this  general 
notion  (30,  35).  Our  further  studies  of  kinin-induced  chloride  secretion  have 
revealed  that  at  least  a  portion  of  this  response  occurs  independently  of 
eicosanoid  production  (4).  First,  although  kaliidin  is  capable  of  stimulating 
eicosanoid  synthesis  and  release  into  media  bathing  isolated,  short-circuited 
intestinal  epithelia,  the  SCC  response  and  eicosanoid  output  are  not  propor¬ 
tional,  with  more  eicosanoid  output  at  lower  than  at  higher  kinin  concentra¬ 
tions.  Second,  indomethacin  (5  /J.M)  was  able  to  abolish  eicosanoid  output 
by  such  tissues  in  response  to  kinin  while  part  of  the  SCC  response  remained 
(Fig.  7.6).  Third,  it  was  found  that  kinin-induced  increases  in  SCC  were 
dependent  on  the  presence  of  calcium  in  the  serosal  medium,  but  circum- 

SCC  16  keto  PGF 

I  a. 


Flpire  7.6.  Effect  of  indomethacin  (5  ^M)  on  the  SCC  response  and  the  simultaneous  serosal 
output  of  i6-keto-PGF|„  in  response  to  kaliidin  (1  fiM)  added  to  the  serosal  bath  of  six  paired 
preparations  of  rat  descending  colon.  Values  on  the  left  of  each  pair  of  columns  represent  the 
basal  condition,  where  those  on  the  right  are  after  addition  of  kaliidin.  The  SCC  responses  (in 
microequivalents)  and  i6-keto-PGF|„  output  (in  picograms  per  milliliter)  are  for  tissues  of  0.6 
cm2,  during  20  min,  with  10  ml  nutrient  fluid  bathing  each  side  of  the  tissue.  Indomethacin 
caused  a  significant,  but  only  partial,  reduction  in  the  SCC  response  and  abolished  the  increase 
in  i6-keto-PGF)„  due  to  kaliidin.  (Data  from  ref.  5.) 
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stances  that  effectively  removed  serosal  calcium  (and  prevented  the  kinin- 
induced  increases  in  SCC)  did  not  significantly  reduce  the  output  of  iPGE- 
like  material  by  the  tissue.  These  and  other  more  recent  findings  suggest  that 
extracellular  calcium  is  the  proximal  requirement  for  kinin-induced  net  chlo¬ 
ride  secretion  (5).  It  is  suggested  that  a  kinin-induced  calcium  influx  at  the 
basolateral  surfaces  of  this  epithelium  is  necessary  for  not  only  efficient 
production  of  eicosanoids  but  also  of  cAMP,  which  is  then  involved  in  the 
ultimate  increase  in  apical  chloride  permeability. 

Further  studies  of  the  mechanisms  involved  in  local  generation  of  endoge¬ 
nous  kinin.  presumably  secondary  to  the  action  of  activated  local  prokalli- 
krein,  are  required.  The  subsequent  role  of  this  enzyme-product  system  in 
electrolyte  and  water  secretory  and/or  absorptive  processes  in  normal  intes¬ 
tine  or  in  intestinal  diseases  is  of  interest  for  several  reasons.  Among  these 
are:  ( I )  the  known  significant  concentrations  of  tissue  prokallikrein  in  intesti¬ 
nal  mucosa;  (2)  the  extreme  potency  of  kinins  in  provoking  both  eicosanoid 
synthesis  and  net  chloride  secretion;  (3)  several  earlier  studies  which  suggest 
abnormalities  in  kallikrein  levels  and  activity  in  disorders  of  intestinal  func¬ 
tion  such  as  human  ulcerative  colitis  (40);  and  (4)  the  seemingly  paradoxical 
decreases  in  SCC  and  sodium  absorption  with  inhibitors  of  tissue  kallikreins 
in  amphibian  bladder  and  amiloride  inhibition  of  kallikrein — versus  the  fact 
that  the  kinin  products  of  this  enzyme  promote  a  net  chloride  secretion. 


4.  SUMMARY 

Tissue  kallikrein  of  colon  mucosa  is  synthesized  rapidly,  and  this  synthetic 
process  can  now  be  examined  in  relation  to  hormonal  or  dietary  manipula¬ 
tions  or  pathological  circumstances  that  affect  intestinal  ion  transport.  Al¬ 
though  the  identical  renal  tissue  enzyme  is  known  to  be  enriched  in  mem¬ 
branes  of  distal  convoluted  tubular  epithelial  cells,  the  precise  localization  of 
the  intestinal  enzyme  is  uncertain.  An  understanding  of  the  intestinal  cellular 
locale  of  kallikrein  will  help  in  defining  its  local  role.  That  tissue  kallikreins 
can  be  inhibited  by  monovalent  cations  and  some  drugs  (e.g.,  amiloride)  and 
that  kallikrein  inhibitors  affect  cation  transport  across  epithelial  surfaces 
containing  such  enzymes  must  be  reconciled  with  the  new  observations  of 
kinin-induced  chloride  secretion.  Extracellular  calcium,  eicosanoid  synthe¬ 
sis,  and  cyclic  nucleotide  production  are  involved  in  the  secretory  response 
to  kinins,  although  an  absolute  requirement  for  intact  eicosanoid  synthesis 
may  not  exist. 
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The  epithelial  cells  that  perform  transport  function  in  various  secretory  and 
absorptive  epithelia  display  a  striking  structural  and  functional  polarity.  The 
cell  surface  is  comprised  of  two  specialized  domains:  I)  the  apical  surface 
which  is  amplified  by  microvilli;  2)  the  basolateral  surface  which  may  be 
amplified  by  convolutions  but  not  microvilli.  These  surface  domains  are 
separated  by  the  tight  junctional  complex.  Each  domain  possesses  a  charac¬ 
teristic  set  of  proteins  (10),  detected  functionally  as  enzymes  or  antigens 
(18). 

The  existence  of  such  highly  specialized  surface  domains  raises  important 
questions  concerning  plasma  membrane  biogenesis.  How  is  such  specificity 
in  membrane  structures  generated,  and  where  during  their  intracellular 
transport  are  different  pools  of  membrane  protein  sorted  out?  It  has  been 
clearly  demonstrated  that  aminopeptidase  and  Na+,K+-ATPase  have  the 
same  asymmetric  distribution  on  the  cell  surface  of  the  established  cell  line 
MDCK*  grown  in  monolayers  as  that  observed  in  many  epithelial  tissues; 
the  aminopeptidase  is  associated  with  apical  surface,  whereas  the  Na\K*- 
ATPase  is  on  the  basolateral  surface  (17).  Therefore,  MDCK  cells  provide  a 
useful  model  system  to  study  the  molecular  mechanisms  leading  to  the  for¬ 
mation  of  domains  on  the  surface  of  polarized  epithelial  cells. 

We  have  focused  our  attention  on  Na+,K+-ATPase,  an  integral  mem¬ 
brane  protein,  because  of  the  important  role  it  plays  in  controlling  the  intra¬ 
cellular  ionic  environment  in  eukaryotic  cells.  This  cation  pump  drives  Na+ 
efflux  coupled  to  K f  influx  with  energy  derived  from  ATP  hydrolysis.  The 
enzyme  consists  of  one  or  more  heterodimers  containing  a  small,  richly 
glycosylated  subunit  (y8),  Mr  ~  55,000,  and  a  larger  subunit  (a),  Mr  = 
100,000  (15).  Both  ATP  hydrolysis  and  cation  pumping  are  specifically  inhib¬ 
ited  by  cardiac  glycosides  such  as  ouabain.  It  has  been  shown  by  the  use  of 
covalent  probes  that  the  a  subunit  is  the  polypeptide  principally  involved  in 
the  interaction  with  the  cardiac  glycosides  (8,  22,  24). 

Because  of  its  asymmetric  distribution  in  epithelial  cells,  studies  on  the 
genetic  aspect  of  biosynthesis  of  Na+,K+-ATPase  can  be  directed  toward 
understanding  the  basolateral  localization  of  this  transport  enzyme.  Thus  we 
have  used  a  genetic  approach  to  study  the  appearance  of  altered  forms  of 
this  membrane  protein.  Ouabain-resistant  variants  of  MDCK  have  been  se¬ 
lected  to  progressively  higher  concentrations  of  the  drug,  and  we  have  stud¬ 
ied  the  membrane  proteins  of  these  variants  in  an  attempt  to  understand  the 
modification  leading  to  ouabain  resistance. 

1.  ISOLATION  OF  MDCK  OUABAIN-RESISTANT 
CELLS 

MDCK  cells  were  tested  at  several  ouabain  concentrations  to  determine  the 
lethal  dose  for  this  canine  cell  line.  We  found  that  plating  efficiency  and 

*  "MIX'K  '  refers  to  Madin-Darby  C  anine  Kidney  cell  established  as  an  immortal  cell  line  in 
l<*«9 
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growth  were  normal  at  20  nM  ouabain  but  decreased  with  increasing  drug 
concentration  to  100  nM.  With  200  n M  ouabain  present  in  the  growth  me¬ 
dium,  plating  efficiency  was  zero  for  I04  cells  tested.  This  dose-response 
closely  resembles  that  measured  by  Mankovitz  et  al.  (19)  for  normal  human 
fibroblasts  and  by  Baker  (2)  for  the  human  cell  line  HeLa. 

Ouabain  resistance  behaves  as  a  codominant  marker.  Only  one  allele  for  a 
gene  in  a  diploid  cell  need  be  altered  for  manifestation  of  the  phenotype. 
Therefore  mutants  with  altered  ouabain  sensitivity  are  normally  derived 
from  unmutagenized  cell  populations  at  a  frequency  of  10  7-10  8  per  cell  per 
generation  (3). 

Selection  protocols  published  for  human  cells  have  shown  that  it  is  possi¬ 
ble  to  obtain  mutants  resistant  to  200  times  the  lethal  dose  for  wild-typed 
cells  (2,  19).  We  used  as  our  selection  medium  2  fxM  ouabain,  which  is  about 
100  times  the  lethal  dose  for  MDCK.  With  this  selection  medium  we  were 
unable  to  obtain  survivors  from  unmutagenized  populations  of  MDCK  cells, 
even  with  106  cells  tested.  These  results  suggest  that  a  single  genetic  altera¬ 
tion  would  not  confer  resistance  to  this  high  a  concentration  of  the  drug.  We 
then  attempted  the  same  selection  with  ceils  that  had  been  treated  with  the 
mutagen  ethyl  methanesulfonate  (EMS).  The  concentration  of  EMS  used 
effected  the  death  of  greater  than  90%  of  cells  treated,  which  is  a  fairly  harsh 
level  of  mutagenesis  in  the  methodology  of  somatic  cell  genetics.  After 
mutagen  treatment,  cells  were  grown  for  six  generations  before  transfer  to 
ouabain-containing  medium.  Of  a  total  of  1.8  x  108  survivors  of  mutagene¬ 
sis,  one  clone  was  obtained  which  was  able  to  grow  in  2  /xM  ouabain.  This 
frequency,  by  analogy  with  the  reported  frequencies  of  isolation  of  thymi¬ 
dine  kinase  mutants  (6,  14,  23)  and  adenine  phosphoribosyl  transferase  defi¬ 
cient  mutants  (5,  12),  is  consistent  with  two  genetic  alterations  having 
contributed  to  the  phenotypic  change  selected.  Care  should  be  taken  in 
this  interpretation,  however,  because  with  only  one  variant  obtained,  it  is 
possible  that  this  is  an  underestimate  of  the  number  of  alterations  neces¬ 
sary. 

The  single  clone  obtained  from  these  mutagenesis  and  selection  experi¬ 
ments  was  tested  against  increased  concentrations  of  ouabain.  We  found 
that  the  cell  type  could  plate  efficiently  in  2  or  4  fxM  ouabain  and  that  a 
significant  fraction  grew  in  8  fiM  ouabain.  At  16  fiM  ouabain  the  majority  of 
cells  died.  This  concentration  of  drug  was  then  used  to  select  hyper-resistant 
variants  from  the  2  /xM  ouabain-resistant  population. 

Hyper-resistant  variants  arose  at  a  frequency  of  approximately  4  x  10  7 
per  cell  per  generation  without  further  mutagen  treatment.  This  rate  would 
be  explained  above  for  alteration  at  a  single  genetic  locus.  Selected  for 
growth  in  16  /xM  ouabain,  the  cells  were  resistant  to  twice  this  concentration 
of  drug,  but  plating  efficiency  was  severely  reduced  in  60  /xM  ouabain. 
Variants  able  to  grow  in  64  (xM  ouabain  arose  at  a  frequency  of  1  x  10  6  per 
cell  per  generation  from  the  16  fxM  ouabain-resistant  line,  indicating  that 
only  with  spontaneous  mutation  had  the  cells  acquired  the  ability  to  survive 
in  this  higher  concentration  of  drug.  Further  tests  proved  that  the  cells 
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selected  with  64  /xM  ouabain  could  plate  efficiently  in  concentrations  of 
ouabain  up  to  4  m M. 

Through  sequential  alteration  of  the  cells  and  imposition  of  increasingly 
severe  selection  conditions,  we  have  isolated  a  series  of  three  variant 
MDCK  types  resistant  to  2-4  (xM  ouabain,  16-32  /xM  ouabain,  and  up  to  4 
mM  ouabain.  These  cell  types  are  referred  to  as  low  Our,  mid  Our,  and  high 
Our,  respectively,  and  Ou'  is  the  ouabain-sensitive  wild  type. 


2.  STABILITY  OF  THE  OliABAIN-RESISTANT 
PHENOTYPES 


In  the  initial  selection  experiment  we  found  that  pretreatment  with  a  muta¬ 
gen  greatly  increased  the  frequency  of  recovery  of  cells  able  to  grow  in  2  ixM 
ouabain.  This  result  in  itself  supports  the  premise  that  genetic  alteration 
rather  than  epigenetic  adaptation  was  necessary  for  growth  in  this  concen¬ 
tration  of  drug.  However,  for  the  mid  Our  and  high  Our  lines  it  was  possible 
that  a  nonheritable  adaptive  response  rather  than  genetic  alteration  was  being 
monitored.  To  test  this  possibility,  all  three  classes  of  variants,  low,  mid, 
and  high  Our,  were  grown  for  six  weeks  in  normal  medium  and  then  back¬ 
tested  against  the  appropriate  concentrations  of  drug.  In  each  case,  the 
plating  efficiency  in  drug-containing  medium  was  very  near  100%.  This 
result  demonstrates  that  the  phenotypes  are  stable  in  the  absence  of  selec¬ 
tion  and  indicates  that  genetic  alterations  are  responsible  for  the  observed 
drug  resistance. 


3.  METABOLIC  LABELING  OF  WILD-TYPE  VERSUS 
MUTANT  CELLS 


To  assess  whether  the  rate  of  synthesis  of  Na+,K+-ATPase  is  greatly  altered 
in  mutant  cells,  newly  synthesized  proteins  of  wild-type  and  high  Our  cells 
were  compared.  Cultures  were  metabolically  labeled  with  -[Slmethionine 
for  I  h,  the  membrane  fraction  collected,  and  proteins  of  these  fractions 
separated  by  SDS-gel  electrophoresis.  The  results  are  shown  in  Fig.  8. 1 .  The 
band  at  94,000  daltons  indicates  the  a  subunit  of  the  Na+,K+-ATPase  as 
demonstrated  by  immunoprecipitation  of  a  protein  species  of  this  size  with 
antibody  against  the  subunit  (lanes  B  and  B').  The  /3  subunit  of  the  ATPase  is 
reported  to  have  an  apparent  molecular  weight  of  approximately  55,000 
daltons  on  SDS-gels  (13,  15).  We  therefore  assume  that  the  (5  subunit  is  at 
least  a  component  of  the  prominent  band  seen  in  this  region  of  our  gel. 
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Figure  8.1.  Autoradiogram  of  I'^SIIabeled  polypeptides  of  wild-type  versus  Our  mutant  cells. 
Mutant  and  wild-type  cells  were  incubated  with  0.5  m M  of  ("S|methionine  (2(K)  /xCi/ml)  for  I  h 
at  37°C'  followed  by  30  min  chase.  A,  crude  membrane  preparation  of  wild-type  cells.  A',  crude 
membrane  preparation  of  ouabain-resistant  cells  (a  clone  able  to  grow  in  2  \xM  ouabain).  B. 
immunoprecipitation  pattern  obtained  after  incubation  of  antialpha  antibody  with  a  crude  mem¬ 
brane  preparation  of  wild-type  cells.  B',  immunoprecipitation  pattern  obtained  using  a  crude 
membrane  preparation  of  ouabain-resistant  cells. 


There  is  no  significant  difference  in  the  proportion  of  total  label  distrib¬ 
uted  to  the  55  K,  or  94  K  bands  for  wild-type  versus  mutant  cell  (lanes  A  and 
A').  In  fact,  no  significant  difference  for  any  size  class  of  proteins  is  appar¬ 
ent.  A  change  in  rate  of  synthesis  able  to  make  cells  resistant  to  ouabain 
concentrations  102-  to  10-Mbld  higher  than  normal  would  surely  have  been 
visible  as  a  dramatic  increase  by  metabolic  labeling.  Such  an  increase  was 
not  seen,  and  we  conclude  that  amplification  of  the  genome  with  altered 
turnover  of  the  enzyme  is  not  the  mode  by  which  cells  have  acquired  oua¬ 
bain  resistance. 

It  should  also  be  noted  that  in  the  immunoprecipitation  experiments  use 
of  equivalent  amounts  of  antigen  and  antisubunit  antibody  in  excess  to  this 
antigen  resulted  in  similar  amounts  of  protein  being  precipitated  from  wild- 
type  and  ouabain-resistant  cells  (lanes  B  and  B').  Thus  the  ATPase  of  the 
mutants  has  not  been  altered  to  such  a  degree  that  it  is  no  longer  recognized 
by  this  antibody.  It  was  therefore  possible  to  compare  the  steady-state  levels 
of  a  subunit  in  the  two  cell  types  by  more  sensitive  immunoassay. 
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4.  IMMUNOLOGICAL  TITRATION  OF  THE 
Na+,K+-ATPase 

The  anti-a  subunit  antibody  was  used  in  an  immunoradiometric  assay  to 
compare  the  amount  of  ATPase  in  wild-type  versus  mutant  cells.  A  total 
membrane  fraction  from  hyptonically  lysed  cells  was  used  as  the  test  anti¬ 
gen.  Results  are  shown  in  Fig.  8.2.  For  a  constant  amount  of  antibody  in 
solution,  antibody  binding  increased  with  increasing  membrane  protein 
available  on  the  plate  until  saturation  was  reached.  Although  high  Our  cells 
showed  a  slightly  greater  amount  of  antibody  binding,  the  saturating  amount 
of  antigen  was  equivalent  for  wild-type,  low  Our  and  high  Our  cells.  If  the 
Na+,K+-ATPase  molecules  have  not  been  altered  so  as  to  disturb  recogni¬ 
tion  by  this  antibody,  these  results  can  be  taken  as  evidence  that  an  equiva¬ 
lent  amount  of  ATPase  is  present  per  unit  membrane  protein  in  each  of  these 
cell  types.  However,  1  mg  protein  of  Our  cells  corresponds  to  4.4  x  IO6  cells 
instead  of  2.2  x  10A  cells  for  wild-type  cells.  These  data  taken  together  mean 
that  the  amount  of  Na+,K*-ATPase  as  measured  by  immunological  titration 
is  two-fold  higher  on  Our  cells  compared  to  wild-type  cells. 


5.  MEASUREMENT  OF  Na+,K+-PUMP  ACTIVITY  AND 
OUABAIN-BINDING  SITES 

The  cation  pump  activity  of  the  fraction  of  Na+,K+-ATPase  present  at  the 
plasma  membrane  can  be  measured  using  radioactive  tracers.  The  potassium 
analog  86Rb  will  be  accumulated  by  cells  in  a  manner  dependent  on  intracel¬ 
lular  sodium  and  ATP  availability.  Measurement  of  8hRb  influx  for  MDCK 
cells  in  normal  medium  showed  that  cells  took  upon  only  small  amounts  of 
this  cation  and  rapidly  acquired  an  equilibrium  concentration  (data  not 
shown).  As  reported  by  Cereijido  et  al.  (4),  the  intracellular  sodium  pool  of 
these  cells  limits  cation  pumping  activity  and  makes  measurement  of  flux 
rates  difficult.  To  circumvent  this  problem,  cells  were  preincubated  in  glu¬ 
cose-containing  salt  solution  that  lacked  potassium  for  4  h  before  assays 
were  begun.  After  this  preincubation  a  larger  accumulation  of  86Rb  could  be 
measured,  which  for  wild-type  cells  was  still  linear  with  time,  was  sodium 
and  potassium  dependent,  and  was  90%  inhibitable  by  10  mM  ouabain  (data 
not  shown). 

Figure  8.3  represents  the  results  of  86Rb  influx  assays  for  wild-type  cells 
and  cells  of  the  three  ouabain-resistant  classes.  The  rate  of  accumulation  of 
this  cation  in  the  absence  of  ouabain  was  two-fold  higher  in  Our  cells  than 
that  observed  in  Ous  cells.  The  ouabain  sensitivity  of  this  influx  could  be 
determined  by  including  various  concentrations  of  the  inhibitor  in  the  prein¬ 
cubation  buffer.  For  wild-type  cells,  rubidium  accumulation  versus  log  of 
ouabain  concentration  gave  the  expected  sigmoid  curve,  the  ATPase  behav¬ 
ing  as  a  single  species  with  a  Kd  of  10~7  M  for  ouabain.  For  each  of  the  three 
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Figure  8.2.  Immunological  titration  of  the  Na'.K'-ATPase  in  different  cell  types.  Total  mem¬ 
brane  fractions  were  isolated  from  cells  and  adjusted  to  a  protein  concentration  of  2  /xg/ml. 
Further  dilutions  were  prepared  and  aliquots  of  each  dilution  fixed  to  wells  of  a  microtiter  plate. 
The  plates  were  incubated  with  antibody  specific  for  the  large  subunit  of  the  Na'.K'-ATPase. 
After  washing,  |i:M]protein  A  was  added  and  allowed  to  bind  to  the  antigen-antibody  com¬ 
plexes  that  had  formed.  Individual  wells  were  then  cut  from  the  plate,  and  the  ,:sl  bound  to  each 
well  was  counted.  All  points  are  averages  of  measurements  made  in  duplicate.  The  membranes 
tested  were  isolated  from  wild-type  cells  <LJ);  low  Ou‘  mutants  (A);  and  high  Ou'  (Ol  mutants. 
(Reprinted  by  permission  of  The  Journal  of  Biological  Chemistry.) 


Figure  8.3.  Oubain-sensitive  ^Rb  uptake  in  wild-type  cells  (O)  and  ouabain-resistant  clones 
selected  on  media  containing  ouabain  at  2  /aM  (A).  It)  fiM  (•)  and  4  mM  (■)  concentrations. 
Cells  were  maintained  in  a  K*-free  medium  for  4  h  at  37°C  in  the  presence  of  increasing 
concentrations  of  ouabain  before  addition  of  wRb  at  a  final  concentration  of  5.5  mM  (0.4  /u.Ci / 
ml).  Twenty  minutes  later  each  well  was  washed  twice,  and  the  cells  were  lysed  in  0. 1  /V  NaOH. 
(Reprinted  by  permission  of  The  Journal  of  Biological  Chemistry.) 
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mutant  classes,  50%  of  the  total  rubidium  uptake  displayed  wild-type  sensi¬ 
tivity  to  ouabain  inhibition.  The  remaining  50%  of  influx  activity  was  rela¬ 
tively  resistant  to  the  drug.  This  second  component  demonstrated  Kd’s  for 
ouabain  of  10  /jlM,  300  A/,  and  3  mM  for  cells  of  low  Our,  mid  Our,  and  high 
Our,  respectively. 

The  altered  ouabain  inhibition  of  cation  pumping  activity  presumably 
results  from  altered  affinities  of  the  ATPase  molecules  for  ouabain.  This  can 
be  measured  directly  using  |3H]ouabain.  The  amount  of  cell-associated  radio¬ 
activity  was  determined  for  cultures  exposed  to  radiolabeled  ouabain  for  2  h. 
MDCK  cells  are  connected  to  one  another  by  way  of  tight  junctions  which 
form  an  effective  permeability  barrier  separating  the  tissue  culture  medium 
from  the  fluid  bathing  the  basolateral  surfaces.  pHJOuabain  added  to  the 
buffer  covering  cells  grown  on  plastic  is  immediately  in  contact  with  the 
apical  surface  of  cells  but  requires  a  significant  amount  of  time  to  reach  the 
basolateral  area.  Na+,K+-ATPase  is  localized  to  the  latter  domain  (15),  and 
therefore  a  long  period  of  incubation  with  the  drug  was  necessary  to  achieve 
equilibrium  binding.  Wild-type  cells  bound  ouabain  with  a  Kd  of  6  x  10~8  M 
and  were  saturated  for  binding  at  8  pmol  [3H]ouabain  per  106  cells  (Fig.  8.4). 
For  cells  of  the  three  mutant  classes,  incubation  in  the  highest  concentration 
of  ouabain  also  resulted  in  8  pmol  of  [■’Hjouabain  being  bound  per  I06  cells 
with  a  Kd  of  6  x  I0~8  M.  This  component  represents  that  portion  of  rubid¬ 
ium  influx  activity  inhibited  by  10~6  M  ouabain.  The  remaining  50%  of  the 
Na+,K+-ATPase  in  these  mutants  could  not  be  seen  to  bind  ouabain  in  this 
assay. 


6.  BIOCHEMICAL  CHARACTERIZATION 
OF  THE  MUTANTS 

We  wished  to  determine  the  nature  of  the  alteration  in  mutant  cell  lines  that 
had  conferred  resistance  to  ouabain.  The  phenotypes  could  be  derived  by 
several  mechanisms  including:  1)  alteration  of  the  Na+,K+-ATPase,  the 
target  enzyme  of  the  drug,  such  that  it  bound  ouabain  with  a  lower  affinity; 
2)  increase  in  the  amount  of  Na+,K+-ATPase  present  per  cell;  or  (3)  in¬ 
crease  in  the  rate  of  turnover  of  the  protein  subunits  of  the  ATPase  such  that 
ouabain-inhibited  enzyme  would  be  quickly  replaced,  although  the  total 
amount  of  ATPase  per  cell  remained  normal. 

The  last  two  mechanisms  would  result  from  mutations  in  regulatory  re¬ 
gions  of  the  genome  or  from  amplification  of  genes  for  the  ATPase.  Amplifi¬ 
cation  of  genetic  regions  coding  for  sensitive  enzymes  has  been  shown  to  be 
one  means  of  acquiring  resistance  to  the  drugs  methotrexate  (25)  and  PALA 
(20).  However,  the  target  enzymes  (dihydrofolate  reductase  and  aspartate 
transcarbamylase,  respectively)  for  these  drugs  are  soluble  proteins  of  the 
cytosol,  a  compartment  of  the  cell  that  may  be  under  less  stringent  control  of 
protein  content  than  is  the  plasma  membrane.  In  the  cases  where  ouabain 
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Figure  8.4.  ['HjOuabain  binding  on  the  high-affinity  classes  of  sites  for  wild-type  (O)  and 
ouabain-resistant  mutants  selected  on  media  containing  ouabain  at  2  gM  (A),  10  g.M  (•).  and  4 
m M  (■)  concentrations.  Cells  were  incubated  for  2  h  in  140  mM  NaCl,  10  mM  Tris-HCI,  1.8 
m M  CaCL,  I  mM  MgCL.  and  5  mM  glucose,  pH  7.4,  with  increasing  concentrations  of  I’HJoua- 
bain.  Controls  are  performed  by  adding  I  fxM  unlabeled  ouabain  for  each  |'H|ouabain  concen¬ 
tration.  (Reprinted  by  permission  of  The  Journal  of  Biological  Chemistry.) 


resistance  has  been  well  studied,  it  has  been  shown  to  be  associated  with  a 
loss  in  affinity  of  the  ATPase  for  cardiac  glycoside  inhibitors  (21),  mecha¬ 
nism  1  in  the  foregoing  list.  However,  since  no  group  has  reported  a  change 
in  tolerance  for  ouabain  as  large  as  that  demonstrated  by  wild-type  versus 
high  Our  MDCK,  we  thought  that  all  three  possible  mechanisms  should  be 
investigated. 

The  last  two  hypotheses  had  been  ruled  out  on  the  basis  of  data  presented 
in  Figs.  8.1  and  8.2.  First,  the  two-fold  increase  in  the  level  of  Na+,K+- 
ATPase  observed  on  Our  cells  using  an  immunoradiometric  assay  cannot 
account  for  their  ability  to  grow  in  ouabain  concentration  102-  to  105-fold 
higher  than  the  IC<s0  for  wild-type  cells  (Fig.  8.2).  Second,  no  significant 
modification  was  observed  on  the  rate  of  turnover  of  the  subunits  of 
Na+,K+-ATPase  as  visualized  by  metabolic  labeling  (Fig.  8.1). 

Only  the  first  hypothesis  seems  to  be  supported  by  our  data.  The  prepara¬ 
tions  of  the  different  ouabain-resistant  clones  for  MDCK  cells  line  present 
both  ouabain-resistant  and  ouabain-sensitive  populations  of  Na+/K+  pumps 
(Fig.  8.3).  The  ouabain-sensitive  ^Rb  uptakes  per  milligram  of  protein  on 
Our  mutants  and  Ous  wild-type  cells  were  identical  (data  not  shown).  How¬ 
ever,  when  ^Rb  fluxes  are  normalized  for  the  number  of  cells,  a  two-fold 
increase  in  the  NaVK+  pump  activity  on  Our  variants  is  observed  compared 
to  Ous  cells  (Fig.  8.3). 

The  total  ouabain-sensitive  ^Rb  fluxes  in  Our  variants  split  into  two  cate¬ 
gories  of  Na^K*  pumps  of  equal  importance  presenting  respectively  high 
and  low  affinity  for  ouabain.  Each  pump  family  has  the  same  level  of  activ¬ 
ity,  when  normalized  to  cell  protein,  as  that  observed  in  the  wild-type  cells. 
Only  the  K|/2  of  the  low-affinity  population  of  sites  increased  with  increasing 
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levels  of  resistance  of  the  clone.  Neither  the  affinity  nor  the  maximal  capac¬ 
ity  was  affected  on  the  high-affinity  sites  of  the  Our  clones  as  measured  by 
I'H]  ouabain  binding  (Fig.  8.4). 

Recently  Sweadner  (26)  reported  the  existence  in  the  rat  brain  of  two 
populations  of  ouabain-binding  sites  of  different  affinities.  The  a  subunits  of 
these  two  populations  of  Na4,K  +  -ATPase  differ  by  3000  daltons  and  can  be 
separated  by  high-resolution  electrophoresis.  In  parallel,  different  investiga¬ 
tors  claim  the  existence  of  two  families  of  ouabain-binding  sites  in  heart  cells 
(1)  and  adipocytes  (9).  At  the  moment,  no  hypothesis  has  been  proposed  to 
explain  the  respective  role  of  the  two  classes  of  sites.  Our  data  suggest  that 
the  mutation  that  induces  the  ouabain  resistance  is  linked  to  the  expression 
of  the  gene  coding  for  the  low-affinity  class  of  ouabain-binding  site,  which  is 
not  normally  expressed  in  kidney  cells. 


7.  METABOLIC  COOPERATION  IN  COCELTERED 
Our  AND  Ou8  MDCK  CELLS 

Wild-type  MDCK  are  sensitive  to  low  concentrations  of  ouabain  and  die 
rapidly  after  contact  with  the  drug.  After  exposure  to  2  ixM  ouabain  for  25  h, 
no  survivors  could  be  detected  starting  from  106  cells.  We  wished  to  study 
whether  protection  from  ouabain  could  be  extended  to  the  sensitive  cell  type 
by  coculture  with  the  ouabain-resistant  variant.  To  carry  out  this  study  we 
first  needed  a  test  that  would  discriminate  between  Our  and  Ou'  MDCK  cells 
which  are  morphologically  identical.  For  this  purpose  a  subclone  of  the 
ouabain-resistant  mutant  was  used  that  had  been  selected  for  a  deficiency  in 
hypoxanthine  phosphoribosyl  transferase  activity  (HPRT).  Wild-type  cells 
that  display  a  typical  ouabain  sensitivity  have  a  normal  purine  metabolism 
(HPRT4)  and  are  killed  in  a  medium  containing  6-thioguanine:  conversely, 
the  ouabain-resistant  cells,  which  are  deficient  in  FIPRT,  survive  in  this 
selective  medium.  The  opposite  situation  is  found  when  the  two  types  of 
cells  are  grown  in  medium  containing  hypoxanthine,  aminopterin,  and  thy¬ 
midine  (HAT),  which  is  toxic  for  HPRT~  cells  (ouabain-resistant)  but  allows 
normal  growth  for  HPRT+  cells  (ouabain-sensitive).  This  system  provides  a 
simple  test  to  quantify  the  amount  of  each  kind  of  cell  present  on  a  mixed 
Our  +  Ous  monolayer. 

The  metabolic  cooperation  has  been  tested  as  follows:  The  two  types  of 
MDCK  cells,  ouabain-sensitive  (HPRT+)  and  ouabain-resistant  (HPRT  ) 
were  mixed  in  a  I :  I  ratio.  The  cultures  were  allowed  to  reach  confluence  and 
then  were  exposed  to  2  /jlM  ouabain  for  24  h.  Cultures  were  trypsinized, 
divided,  and  cells  tested  in  HAT  or  6-thioguanine-containing  media.  Under 
these  conditions  46%  of  the  drug-sensitive  cells  survived  ouabain  treatment, 
whereas  no  survivors  could  be  seen  on  a  control  experiment  containing  only 
Ou’’  cells.  It  is  noteworthy  that  during  the  periods  of  time  the  cells  were 
exposed  to  the  drug,  ouabain-resistant  cells  continued  to  grow  in  such  a  way 
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that  the  monolayer  was  confluent  at  the  end  of  the  ouabain  treatment  despite 
the  loss  of  56%  of  the  ouabain-resistant  cells. 


8.  DYE  COUPLING 

The  question  arises  of  how  a  ouabain-resistant  cell  can  allow  neighboring 
ouabain-sensitive  cells  to  survive  in  the  presence  of  toxic  doses  of  ouabain. 
The  lethal  effect  of  ouabain  results  most  probably  from  an  unbalanced  cyto¬ 
plasmic  Na+/K  +  ratio  resulting  from  the  Na+  pump  inhibition.  The  first 
possibility  we  considered  was  that  cells  in  monolayers  shared  the  same  pool 
of  Na+  and  K  +  owing  to  intense  communication  between  cells.  In  this  hy¬ 
pothesis  one  can  consider  that  in  the  presence  of  ouabain  there  are  enough 
effective  molecules  of  Na+,K'-ATPase  on  the  surface  of  an  Our  cell  to  pump 
out  the  Na+  for  itself  and  for  several  Ous  neighboring  cells.  This  implies  that 
cations  can  diffuse  easily  between  the  cytoplasmic  compartment  of  neigh¬ 
boring  cells.  The  most  common  structures  involved  in  cell-cell  communica¬ 
tion  are  gap  junctions  composed  of  nexons  that  form  channels  of  approxi¬ 
mately  20-A  in  diameter  spanning  the  plasma  membrane  (11,  27).  Small 
molecules  such  as  metabolites  and  electrolytes  can  diffuse  through  these 
channels  (7,  16).  One  simple  way  to  visualize  the  presence  of  gap  junctions  is 
to  follow  from  one  cell  to  its  neighbor  the  diffusion  of  dyes,  such  as  fluores¬ 
cein  or  luciferin  yellow,  which  have  a  size  small  enough  to  diffuse  freely 
through  these  channels. 

When  we  microinjected  luciferin  yellow  in  subconfluent  MDCK  cells,  we 
could  demonstrate  the  presence  of  such  a  communication.  But,  surprisingly, 
in  a  confluent  monolayer  (condition  used  under  the  ouabain  treatment)  we 
were  unable  to  see  any  diffusion  of  the  dye  to  neighboring  cells  after  microin¬ 
jection.  This  puzzling  result  raises  the  question  of  how  Na+  can  diffuse  from 
one  cell  to  the  other  during  ouabain  treatment.  Our  data  rule  out  the  possibil¬ 
ity  of  a  diffusion  of  electrolytes  through  classic  gap  junction,  challenging  our 
original  hypothesis.  We  are  currently  investigating  two  other  possibilities: 
(1)  gap  junctions  do  exist  in  MDCK  epithelium  but  have  features  different 
from  those  reported  for  other  kinds  of  cells;  or  (2)  epithelial  cells  can  com¬ 
municate  through  structures  other  than  gap  junctions,  and  in  this  regard  the 
tight  junctional  complex,  because  it  allows  an  intimate  contact  between 
epithelial  cells,  appears  to  us  as  a  good  candidate. 


9.  CONCLUSION 

We  have  isolated  ouabain-resistant  variants  of  MDCK  cells  which  express  a 
population  of  Na+,K+-ATPase  presenting  a  low  affinity  for  ouabain.  This 
new  population  comes  in  addition  to  a  high-affinity  class  of  sites  which  is 
normally  expressed  in  canine  kidney  cells.  Sweadner  (26)  reported  the  pres- 
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ence  of  two  populations  of  Na+,K+-ATPase  with  different  affinities  for  digi¬ 
talis  in  the  same  tissue.  The  presence  of  two  categories  of  Na+ ,K’-ATPase 
on  a  single  type  of  cell  has  also  been  reported  (1,9).  In  the  latter  case,  the 
low-affinity  class  of  sites  represents  90%  of  the  total  Na  +  ,K  +  -ATPase 
present  on  the  cell.  Although  no  clear  explanation  has  been  proposed  so  far 
for  the  existence  of  two  or  more  populations  of  Na*,K  +  -ATPase,  these  data 
suggest  the  presence  of  multiple  genes  coding  for  Na+,K+-ATPase  in  mam¬ 
malian  genomes. 

The  fact  that  our  mutants  express  equally  two  populations  of  Na+,K+- 
ATPase  makes  them  promising  tools  to  study  the  mechanisms  that  lead  to 
the  turning  off  or  on  of  a  particular  gene  coding  for  Na+,K+-ATPase  on  a 
defined  type  of  cell. 

These  variants  can  be  used  for  purposes  not  directly  correlated  to  the 
study  of  NaMC-ATPase.  We  have  used  them  to  visualize  metabolic  coop¬ 
eration  between  ouabain-sensitive  and  ouabain-resistant  MDCK  cells  grown 
in  coculture  when  they  are  treated  with  ouabain.  Preliminary  results  suggest 
that  MDCK  cells  communicate  through  gap  junctions  when  they  are  subcon¬ 
fluent  but  lose  this  type  of  communication  when  they  reach  confluency. 
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Transport  of  solutes  and  water  across  biological  membranes  is  a  highly 
regulated  process.  Using  patch  clamps,  reconstitution  of  membrane  proteins 
into  artificial  membranes,  as  well  as  other  more  conventional  methods,  in¬ 
vestigators  have  recently  identified  several  mechanisms  for  the  regulation  of 
transport  through  these  structures.  Membrane  potential  of  the  appropriate 
size  and  orientation  can  open  or  close  certain  channels.  Acetylcholine,  by 
binding  to  its  receptor,  leads  to  a  conformational  change  with  consequent 
opening  of  a  channel.  Calcium  binds  to  and  blocks  sodium  channels  and 
opens  K'  channels.  Cyclic  AMP,  ultimately  by  inducing  phosphorylation  of 
a  potassium  channel,  leads  to  its  closure.  Despite  their  diversity  all  these 
mechanisms  have  one  property  in  common:  regulation  occurs  by  changes  in 
the  kinetic  properties  of  an  individual  membrane  protein.  There  is  increasing 
evidence,  however,  that  another  general  mechanism  exists  in  which  the 
regulating  influence  increases  the  number  of  channels  or  pumps  in  a  mem¬ 
brane  and  that  this  is  accomplished  by  rapid  fusion  of  vesicles  whose  mem¬ 
branes  are  enriched  in  the  specific  transport  protein.  This  process  inserts 
these  proteins  into  the  membrane,  and  removal  of  the  stimulus  is  accompa¬ 
nied  by  endocytotic  internalization  of  these  channels  or  pumps. 

Of  course,  it  is  well  known  that  membrane  fusion  is  a  major  mechanism 
by  which  the  cell  surface  is  renewed.  However,  the  process  we  are  describ¬ 
ing  is  much  faster  with  half-times  of  at  most  a  few  minutes.  In  its  time  course 
it  resembles  more  the  exocytotic  fusion  of  secretory  vesicles  than  that  re¬ 
sponsible  for  the  constitutive  repair  of  cell  membranes.  Unlike  secretory 
exocytosis,  however,  the  content  of  the  vesicles  is  of  no  significance  in  the 
regulatory  process. 

The  first  suggestion  for  a  role  of  exocytotic  insertion  came  from  the  stud¬ 
ies  of  Masur  et  al.  (10)  who  found  that  vasopressin  stimulated  fusion  of 
vesicles  and  granules  with  the  luminal  membrane  of  toad  urinary  bladder. 
They  suggested  that  this  effect  is  related  to  the  effect  of  vasopressin  on 
increasing  water  permeability  of  this  membrane.  Subsequent  studies  by 
Bourguet,  Kachadorian,  and  Wade  (and  their  respective  collaborators  re¬ 
viewed  in  ref.  16)  showed  that  vasopressin  caused  fusion  of  vesicles  whose 
membranes  contained  aggregates  seen  in  freeze  fracture.  (Similar  studies 
were  also  obtained  in  the  collecting  tubule  of  the  kidney  where  vasopressin 
also  increases  water  permeability).  Based  on  correlation  of  the  change  in 
water  permeability  with  the  number  of  aggregates  in  the  luminal  membrane 
and  the  response  of  both  to  inhibitors,  they  suggested  that  these  aggregates 
are  the  water  channels.  Because  of  the  lack  of  a  specific  probe  that  either 
binds  to  the  channel  to  alter  its  activity  or  measures  some  aspect  of  high 
water  permeability  in  these  vesicles  in  living  cells,  the  relation  of  the  aggre¬ 
gates  to  water  channels  remains  at  present  tentative. 

1.  EXOCYTOTIC  INSERTION  OF  THE  H+  PUMP 

Direct  evidence  for  the  rapid  insertion  of  pumps  as  a  means  of  regulation 
was  recently  obtained  in  the  H+  transport  system  of  the  turtle  urinary  blad- 
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der.  The  surface  cells  of  this  membrane  are  of  two  types:  the  dominant  type 
contains  a  large  number  of  granules,  whereas  the  minority  are  enriched  in 
carbonic  anhydrase  and  mitochondria.  The  latter  are  thought  to  be  the  cells 
that  mediate  H+  secretion.  Urinary  acidification  is  produced  by  a  proton- 
translocating  ATPase  located  in  the  luminal  membrane  (2). 

We  investigated  regulation  of  H+  secretion  in  this  epithelium  using  stan¬ 
dard  electrophysiological  approaches  as  well  as  optical  methods  in  living 
cells.  Turtle  bladders  were  mounted  on  the  stage  of  a  fluorescence  micro¬ 
scope  and  stained  with  a  number  of  dyes  whose  spectra  were  sensitive  to 
concentration  or  pH.  To  identify  mitochondria-rich  cells  we  used  the  fluo¬ 
rescent,  cationic  carbocyanine  compound,  DiO-C5(3).  This  dye  will  accumu¬ 
late  in  mitochondria  since  their  membrane  potential  is  highly  negative.  We 
found  that  10-20%  of  the  surface  cells  of  the  bladder  were  enriched  in 
mitochondria.  When  the  turtle  bladder  was  stained  with  acridine  orange  we 
found  that  these  cells  contained  a  large  number  of  orange  vesicles.  The 
emission  spectrum  of  this  fluorescent  weak  base  is  quite  sensitive  to  its 
concentration;  at  high  concentration  the  dye  aggregates  and  fluoresces  in  the 
red.  The  orange  color  was  rapidly  dissipated  by  proton  ionophores,  indicat¬ 
ing  that  the  accumulation  of  the  dye  was  due  to  a  low  pH  inside  the  vesicle. 
We  found  that  C02 ,  long  known  to  be  the  major  stimulus  for  H  *  secretion  in 
urinary  epithelia,  induced  fusion  of  these  vesicles  with  the  luminal  mem¬ 
brane  (6).  This  was  demonstrated  by  superfusion  of  CO: -containing  media 
over  the  turtle  bladder.  When  this  was  done  we  observed  a  dramatic  change 
in  the  behavior  of  these  vesicles.  Whereas  before  C02  addition  they  ap¬ 
peared  to  be  stationary,  following  the  addition  of  C02  the  vesicles  exhibited 
rapid  movement  which  was  followed  by  fusion  of  the  vesicles  with  the  lumi¬ 
nal  membrane.  One  could  tell  that  the  vesicles  fused  with  the  luminal  mem¬ 
brane  since  we  saw  discrete  puffs  of  what  looked  like  green  smoke  emanat¬ 
ing  from  the  luminal  membrane  simultaneously  with  the  disappearance  of  a 
red  vesicle. 

Clearly  what  was  happening  was  that  the  concentrated  acridine  orange 
was  being  discharged  into  the  luminal  medium  thereby  being  diluted  and 
causing  its  color  to  change  rapidly  from  orange  to  green.  There  was  also  a 
suggestion  that  the  vesicle  swelled  before  bursting.  This  picture  was  mes¬ 
merizing,  but  unfortunately  we  were  not  able  to  capture  it  on  film  because 
the  high-intensity  light  bleached  the  acridine  orange  and  also  rapidly  killed 
the  cells  in  our  rather  primitive  optical  set  up. 

Dr.  Stephen  Gluck  and  Christopher  Cannon  (then  a  Yale  undergraduate), 
decided  to  develop  a  new  assay  for  fusion  and  exocytosis  (6).  In  this  assay 
we  reasoned  that  if  C02  caused  fusion,  its  removal  should  either  cause 
endocytosis  or  at  least  allow  the  endocytic  process  to  continue.  Of  course, 
the  demonstration  of  exocytosis  of  necessity  implies  the  presence  of  endocy¬ 
tosis.  During  removal  of  C02  we  placed  fluorescein  isothiocyanate  coupled  to 
a  high  molecular  weight  dextran  (FITC-dextran)  in  the  luminal  medium.  We 
chose  FITC  because  its  excitation  spectrum  is  sensitive  to  pH  (II).  When 
vesicles  were  induced  to  fuse  with  the  luminal  membrane  by  C02  in  the 
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presence  of  FITC-dextran,  subsequent  removal  of  C02  caused  internaliza¬ 
tion  of  FITC-dextran  into  the  mitochondria-rich  cells  as  well  as  a  reduction 
in  H+  transport.  Using  appropriate  calibration,  we  could  measure  the  pH  in 
these  vesicles  by  spectral  analysis  in  living  cells;  we  found  it  to  be  near  5.0. 
Addition  of  proton  conductors  or  metabolic  poisons  increased  the  pH,  indi¬ 
cating  that  the  low  pH  was  due  to  a  proton  pump  rather  than  to  a  Donnan 
effect.  To  measure  the  extent  of  exocytosis,  bladders  were  loaded  with  F1TC 
dextran  and  mounted  in  modified  Ussing  chambers.  The  mucosal  loading 
solution  was  removed,  and  fresh  medium  was  pumped  through  the  luminal 
medium  and  the  effluent  passed  through  a  flow-through  cell  of  a  fluorometer. 
In  this  chamber  one  can  measure  simultaneously  the  rate  of  H+  secretion 
and  the  extent  of  exocytosis.  C02  caused  a  measurable  extrusion  of  fluores¬ 
cent  dye  simultaneously  with  the  increase  in  the  proton  current  (Fig.  9.1). 
The  response  to  C02  is  quite  variable,  but  we  found  that  there  was  good 
correlation  between  the  extent  of  exocytosis  and  the  increase  in  H+  secre¬ 
tion.  Pretreatment  of  the  bladders  with  colchicine  prevented  the  exocytosis 
and  the  increase  in  H+  transport.  These  results  provide  compelling  evidence 
for  the  rapid  insertion  of  proton  pumps  into  the  luminal  membrane  on  stimu¬ 
lation  by  C02 . 

Exocytosis  implies  insertion  of  membrane  into  the  luminal  surface,  which 
conceivably  could  expand  that  surface.  Indeed,  morphometric  analysis  of 
the  effect  of  C02  on  the  turtle  bladder  by  Stetson  and  Steinmetz  (15)  has 
shown  that  the  luminal  surface  increases  and  the  volume  fraction  of  the 
vesicles  in  the  mitochondria-rich  cells  decreases.  Dixon  and  Clausen  have 
recently  performed  impedance  analysis  of  the  turtle  bladder  and  found  that 
C02  rapidly  increases  the  capacitance  of  the  luminal  membrane  with  a  time 
course  similar  to  its  effect  on  H+  transport  (3).  Removal  of  C02  then  must 
have  reduced  the  surface  of  the  bladder. 

Westley  Reeves  posed  the  question  of  the  mechanism  of  the  reduction  in 


Figure  9.1.  Simultaneous  measurement  of 
the  H*  current  (Ih+;  upper  trace)  and  the 
rate  of  exocytosis  of  internalized  fluorescent 
dextran  (lower  trace)  in  a  turtle  bladder 
mounted  in  a  modified  Ussing  chamber.  See 
text  and  ref.  6  for  details. 
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the  surface  (13).  In  principle,  one  can  conceive  of  two  processes;  one  we  can 
term  constitutive  endocytosis  in  which  the  cell  surface  is  brought  back  to  its 
original  size  by  the  continuous  internalization  of  plasma  membranes  that 
occurs  in  all  cells.  A  prediction  here  will  be  that  addition  of  C02  or  its 
removal  will  have  no  effect  on  the  rate  of  endocytosis.  Alternatively,  re¬ 
moval  of  CO:  could  stimulate  endocytosis,  that  is,  the  addition  of  C02  will 
inhibit  this  process. 

To  assay  for  endocytosis  Reeves  measured  the  uptake  of  FITC-dextran  as 
a  function  of  time  into  the  turtle  bladder.  We  had  previously  shown  that  this 
reagent  is  internalized  only  into  the  mitochondria-rich  cells  and  that  the 
endocytic  vesicles  that  took  them  up  contained  proton  pumps  and  fused  with 
the  luminal  membrane.  Hence  this  substance  formed  a  particularly  useful 
marker  for  the  vesicles  that  contain  the  proton  pumps.  Reeves  found  that 
removal  of  C02  stimulated  endocytosis. 

Another  issue  that  he  addressed  was  whether  all  the  proton  pumps  that 
are  located  on  the  luminal  membrane  can  be  internalized  or  whether  there  is 
one  mobile  pool  that  participates  in  this  new  regulatory  process.  He  added 
the  lectins  concanavalin-A  or  wheat  germ  agglutinin  and  found  that  these 
lectins  rapidly  and  completely  inhibited  H+  secretion.  Simultaneous  mea¬ 
surement  of  endocytosis  showed  that  these  lectins  stimulated  endocytosis 
also.  The  lectins  themselves  were  internalized  into  endocytic  vesicles. 
These  results  suggest  that  all  H+  pumps  in  the  luminal  membrane  can  be 
internalized  into  vesicles  in  the  cytoplasm  of  the  mitochondria-rich  cells 
(12).  These  vesicles  were  subsequently  isolated  by  Gluck  and  found  to  con¬ 
tain  an  electrogenic  proton  translocating  ATPase  that  was  inhibited  by  dicy¬ 
clohexyl  carbodiimide  and  sulfhydryl  reagents,  but  not  by  oligomycin  (7). 

The  mechanism  by  which  C02  causes  the  fusion  of  these  vesicles  remains 
unclear.  It  is  very  likely  that  C02  acidifies  the  cell.  Cannon  recently  mea¬ 
sured  the  intracellular  pH  of  individual  mitochondria-rich  cells  in  bladders 
mounted  on  a  fluorescence  microscope  and  loaded  with  the  permeant  dye,  6- 
carboxy  fluorescein  diacetate.  When  this  dye  reaches  the  cytoplasm  its  ace¬ 
tate  group  is  hydrolyzed  by  cytosolic  esterases.  The  excitation  spectrum  of 
this  dye  is  pH  sensitive,  and  he  was  able  to  measure  the  cell  pH  using  the 
same  spectral  method  that  Gluck  used  for  measurement  of  the  internalized 
FITC-dextran.  He  found  that  the  cell  pH  in  the  mitochondria-rich  cell  is 
higher  by  0. 5-1.0  pH  units  than  the  cell  pH  of  the  granular  cell.  This  pH 
difference  in  adjacent  cells  is  remarkable  since  it  implies  that  there  is  no  cell- 
to-cell  communication  between  these  two  cell  types.  Recall  that  the  gap 
junction  is  a  highly  conductive  channel  that  allows  the  penetration  of  mole¬ 
cules  as  large  as  500  daltons.  Further,  recent  studies  by  Spray  and  Bennett 
have  shown  that  the  gap  junction  is  opened  by  alkaline  pH's  (14).  Hence,  if 
these  cells  contain  gap  junctions,  they  must  be  closed. 

In  tissue  culture,  cells  of  varying  origin  can  develop  gap  junctions.  The 
finding  of  the  probable  lack  of  communication  between  two  cells  in  a  single 
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epithelium  raises  a  number  of  interesting  developmental  questions  about  the 
mitochondria-rich  cells.  For  instance,  are  they  cells  of  such  completely  dif¬ 
ferent  lineage  that  the  other  cells  do  not  recognize  them  sufficiently  to  de¬ 
velop  gap  junctions?  Are  they  invaders  from  some  embryological  past  that 
have  survived  in  the  final  adult  tissue?  In  this  regard  it  is  interesting  to  recall 
that  the  development  of  the  kidney  of  higher  vertebrates  occurs  in  three 
waves  of  tissues,  only  the  last  of  them  surviving  as  the  adult  metanephros. 
Could  these  cells  be  derived  from  the  mesonephros  or  even  pronephros? 
These  and  other  questions  of  similar  kind  will  be  pursued  in  the  near  future. 

Using  the  pH  sensitivity  of  the  spectrum  to  calculate  cell  pH  we  found  in 
preliminary  experiments  that  addition  of  CO2  reduced  the  cell  pH  very  rap¬ 
idly  by  0.2-0. 5  pH  units  in  a  reversible  manner.  To  test  whether  the  signal 
for  fusion  is  the  cellular  acidification,  Cannon  added  weak  acids  such  as 
butyric  or  acetic  acids  to  the  turtle  bladder  at  different  mucosal  pH’s.  He 
found  that  these  acids  stimulated  H+  secretion  and  fusion  of  vesicles  in 
bladders  loaded  with  FITC-dextran.  These  acids  as  expected  also  reduced 
the  cell  pH  in  the  mitochondria-rich  cell. 

Clearly,  the  first  step  in  the  cascade  of  events  leading  to  fusion  is  cytosolic 
acidification.  Since  lowering  cell  pH  can  change  cell  calcium,  which  in  turn 
can  cause  fusion,  we  used  the  permeant  calcium  buffer  Maptam  (Calbio- 
chem).  This  buffer  can  be  synthesized  as  an  ester  that  is  permeant,  and  when 
it  reaches  the  cytosol  it  can  be  hydrolyzed  to  give  the  chelator.  The  unesteri- 
fied  form  will  complex  calcium.  We  found  that  loading  the  bladder  with 
Maptam  reduced  the  rate  of  H+  secretion  in  turtle  bladders  perfused  with 
CCVfree  air.  Addition  of  C02,  caused  no  increase  in  H+  secretion.  The 
increase  in  H+  secretion  seen  with  addition  of  the  weak  acids  was  also 
prevented.  However,  there  was  no  effect  of  Maptam  on  the  cell  pH — or  on 
the  effect  of  CO2  or  weak  acid  addition  on  acidifying  the  cell.  Hence  we 
propose  that  CO2  acts  by  acidifying  the  cytosol,  which  in  turn  leads  to  a 
change  in  cell  calcium  that  causes  the  fusion.  Maptam  prevents  this  increase 
by  buffering  the  calcium. 

The  origin  of  the  calcium  is  unknown  at  present,  but  Ca2+  :  H  ’  exchange 
processes  are  known  to  exist  in  a  number  of  intracellular  organelles. 
Whether  the  cellular  acidification  leads  to  an  increase  in  cell  calcium  is  not 
rigorously  shown  by  the  Maptam  experiments,  since  if  it  caused  a  reduction 
in  cell  calcium,  that  chelator  would  also  buffer  that  change.  There  is  a  large 
body  of  indirect  evidence,  based  on  the  action  of  drugs  whose  mechanisms 
of  action  may  or  may  not  be  known,  which  claims  that  the  fusion  event  in 
epithelia  induced  by  vasopressin  is  due  to  a  decrease  in  cell  calcium.  As 
always,  we  await  the  direct  measurement  of  cell  calcium  activity  before  any 
conclusions  on  this  point  can  be  made. 

Forte  et  al.  (5)  suggested  that  histamine  stimulated  acid  secretion  in  the 
stomach  by  causing  the  fusion  of  vesicles  whose  membranes  contain  the 
K',  H^-ATPase  (5).  However,  DiBona  and  Sachs  and  their  collaborators 
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have  challenged  this  view,  suggesting  that  histamine  actually  caused  osmotic 
expansion  of  a  tubular  system  already  connected  to  the  outside  (1).  The 
effect  in  the  latter  view  is  one  of  exposing  the  collapsed  tubular  system  to  the 
luminal  medium  rather  than  insertion  of  the  ATPase  into  the  luminal  mem¬ 
brane. 


2.  EXOCYTOTIC  INSERTION  OF  OTHER 
TRANSPORT  SYSTEMS 

Indirect  evidence  exists  that  other  epithelial  processes  are  regulated  by  rapid 
exocytotic  insertion  of  pumps  or  channels.  Electrophysiological  analysis  of 
membrane  capacitance  of  the  rabbit  urinary  bladder  has  shown  that  in¬ 
creased  hydrostatic  pressure  increases  the  apparent  capacitance  of  the  lumi¬ 
nal  membrane.  Since  this  procedure  is  not  likely  to  have  a  significant  effect 
on  the  dielectric  constant  of  the  membrane  lipid,  the  change  in  the  capaci¬ 
tance  probably  represents  a  change  in  membrane  area.  This  change  in  capac¬ 
itance  was  accompanied  by  an  increase  in  sodium  transport,  suggesting  that 
if  vesicle  fusion  occurred  then  the  vesicles  might  contain  sodium  channels. 
The  change  in  capacitance  and  transport  was  prevented  by  pretreatment 
with  cytochalasin  (9).  In  the  toad  urinary  bladder  Garty  and  Edelman  added 
trysin  to  the  luminal  membrane  and  were  able  to  digest  the  sodium  channels. 
They  found  that  vasopressin  appeared  to  increase  the  number  of  apical 
sodium  channels  following  this  digestion  (this  is  discussed  in  detail  in  Chap¬ 
ter  6  of  this  book).  Shorofsky  et  al.  found  that  epinephrine  increased  the 
capacitance  of  the  luminal  membrane  of  the  tracheal  epithelium  (13).  This 
hormone  also  caused  an  increase  in  the  chloride  conductance  of  that  mem¬ 
brane.  One  possible  mechanism  would  be  that  the  hormone  induces  fusion  of 
vesicles  enriched  in  chloride  channels.  More  direct  evidence  of  fusion 
events  will  be  needed  before  any  change  in  capacitance  can  be  unequivocally 
interpreted  as  being  due  to  fusion. 

Lest  it  be  thought  that  this  process  is  limited  to  epithelia,  it  is  now  evident 
that  insulin  stimulates  glucose  transport  in  fat  cells  by  causing  fusion  of 
vesicles  whose  membranes  are  rich  in  glucose  carriers.  Using  cytochalasin  B 
as  a  ligand  for  the  glucose  carrier,  Cushman’s  group  found  a  large  intracellu¬ 
lar  reserve  of  microsomal  membranes  enriched  in  glucose  carriers.  Follow¬ 
ing  insulin  treatment  these  light  vesicles  changed  their  density  to  that  typical 
of  the  plasma  membrane  (8).  More  recently,  an  antibody  raised  by  Hinkle  to 
the  erythrocyte  glucose  carrier  was  found  to  bind  specifically  to  the  micro¬ 
somal  vesicles  in  resting  cells  and  to  the  plasma  membrane  fraction  in  insu¬ 
lin-treated  cells,  confirming  the  view  that  the  cytochalasin-binding  site  is 
indeed  the  sugar  carrier  (17).  These  results  are  discussed  in  more  detail  in 
Chapter  3  in  this  book.  There  is  also  circumstantial  evidence  that  insulin 
stimulates  K+  transport  into  cells  by  exocytotic  insertion  of  Na+,K4- 
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ATPase  into  membranes.  Erlij  found  that  insulin  increases  the  number  of 
ouabain-binding  sites  in  frog  skin  and  muscle;  however,  it  is  not  clear  at 
present  whether  the  increase  in  ouabain  binding  is  due  to  exocytotic  inser¬ 
tion  of  sodium  pumps  or  to  a  change  in  the  affinity  of  binding  for  ouabain  (4). 
Down-  and  up-regulation  of  many  receptors  is  also  known  to  occur  by  endo- 
cytosis  and  exocytosis  and  probably  represents  fundamentally  the  same 
process.  There  are  probably  other  transport  processes  that  are  regulated  by 
this  mechanism. 

The  exocytosis  mechanism  does  not  have  the  biophysically  elegant  sim¬ 
plicity  of  ligand-receptor  interaction  which,  as  demonstrated  for  the  case  of 
the  acetylcholine  receptor,  lends  itself  to  rigorous  electrophysiological  and 
biochemical  analysis.  However,  it  increases  the  versatility  of  the  cell  in 
dealing,  by  a  single  mechanism,  with  different  problems  such  as  export  of 
proteins  and  transmitters,  cell  surface  renewal,  and,  now,  regulation  of 
transport.  Resolution  of  this  process  in  terms  of  chemical  and  physical  de¬ 
tails  will  have  to  await  a  more  complete  understanding  of  the  role  of  the 
cytoskeleton  and  the  various  steps  involved  in  membrane  fusion,  migration 
of  proteins  out  into  the  bulk  membrane,  and,  finally,  the  processes  involved 
in  the  reversal  of  these  processes  on  removal  of  the  stimulus. 


3.  CONCLUSION 

Regulation  of  transport  by  rapid  fusion  is  likely  to  be  a  generalized  phenome¬ 
non  that  will  be  detected  in  a  variety  of  transport  systems.  The  ability  to 
detect  a  pH  gradient  by  fluorescence  methods  in  vesicles  in  a  living  cell,  to 
trace  their  fusion  as  well  as  to  isolate  them  and  find  that  they  contain  a 
“label,”  in  this  case  a  proton  translocating  ATPase,  provided  the  evidence 
needed  to  implicate  exocytotic  insertion  of  H+  pumps  as  a  mechanism  of 
regulation  of  acid  secretion  in  this  epithelium.  It  would  be  important  to 
develop  similar  kinds  of  evidence  for  each  new  system  before  one  can  con¬ 
clude  that  a  process  is  mediated  by  exocytotic  fusion.  Evidence  based  on  the 
use  of  colchicine  or  other  inhibitors  without  other  more  direct  kinds  of 
experiments  serve  only  to  confuse  the  issues.  Because  the  ease  of  their  use 
means  that  self-restraint  by  the  investigator  will  be  more  difficult,  we  should 
remember  that  a  large  number  of  indirect  results  do  not  add  up  to  direct 
evidence. 
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Vitamin  D  must  be  regarded  as  the  major  humoral  substance  involved  in  the 
regulation  of  calcium  metabolism  in  all  higher  organisms.  In  the  absence  of 
vitamin  D,  bones  fail  to  acquire  the  required  mineral  for  structural  function, 
resulting  in  the  diseases  rickets  in  the  young  and  osteomalacia  in  the  adult 
(13).  Furthermore,  insufficient  levels  of  calcium  and  phosphorus  are  pro¬ 
vided  in  the  plasma  resulting  in  failure  of  nerves  and  muscles  to  function 
properly  giving  rise  to  the  overt  convulsive  state  known  as  hypocalcemic 
tetany  (13).  In  short,  the  supply  of  calcium  and  phosphorus  to  the  organs  of 
higher  animals  depends  on  the  presence  of  vitamin  D.  Therefore,  the  es¬ 
sence  of  vitamin  D  function  is  the  elevation  of  plasma  calcium  and  phos¬ 
phorus  to  levels  that  will  support  mineralization  of  bone  and  provide  for 
adequate  neuromuscular  function.  To  carry  out  this  basic  function,  vitamin 
D  stimulates  intestinal  absorption  of  calcium  and  phosphorus  (13).  In  addi¬ 
tion,  vitamin  D  plays  a  major  role  in  the  parathyroid-hormone-directed  mo¬ 
bilization  of  calcium  from  bone.  Furthermore,  vitamin  D  may  be  involved  in 
the  parathyroid-hormone-dependent  stimulation  of  calcium  reabsorption  in 
the  distal  renal  tubule  (70).  These  sites  of  action  of  vitamin  D  result  in  the 
transfer  of  calcium  from  the  lumen  of  intestine,  from  the  lumen  of  the  distal 
renal  tubule,  and  from  the  bone  fluid  compartment  to  the  plasma  compart¬ 
ment.  Thus  a  primary  function  of  vitamin  D  is  to  stimulate  transport  of 
calcium  transcellularly  across  a  membrane  of  cells.  These  functions  are 
diagrammatically  represented  in  Fig.  10. 1.  Please  note  that  vitamin  D  is  not 
involved  in  the  actual  transfer  of  calcium  from  the  plasma  compartment  to 
the  mineralizing  sites  of  bone  (75).  This  has  recently  been  quite  clearly 
excluded  as  a  site  of  action  of  vitamin  D. 

For  vitamin  D  to  carry  out  the  functions  of  stimulating  the  movements  of 
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Figure  10.1.  Diagrammatic  representation  of  the  sites  of  action  of  vitamin  D  in  bringing  about 
the  elevation  of  plasma  calcium  and  phosphorus  concentrations.  The  sites  of  action  are  the 
small  intestine,  the  bone  membrane,  and  the  distal  renal  tubule.  In  every  instance  vitamin  D  acts 
either  by  itself  through  its  own  hormonal  form  or  together  with  the  parathyroid  hormone  as 
indicated. 
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calcium  and  phosphorus  indicated,  it  must  be  metabolized  first  in  the  liver  to 
25-hydroxyvitamin  D,  (25-OH-D,)  and  subsequently  in  the  kidney  to  1,25- 
dihydroxyvitamin  D,  ( 1 ,25-(OH)2D,)  (13,  14),  l,25-(OH)2D,  is  regarded  as 
the  hormonal  form  of  vitamin  D  that  brings  about  the  stimulation  of  calcium 
transfer  reactions  (13,  14).  There  is  now  little  doubt  that  in  the  nonpregnant 
mammal  the  kidney  is,  for  all  practical  purposes,  the  exclusive  site  of  pro¬ 
duction  of  the  vitamin  D  hormone,  l,25-(OH)2D,  or  calcitriol  (57).  Further¬ 
more,  it  is  now  well  known  that  the  production  of  calcitriol  by  the  kidney  is 
strongly  regulated  by  the  need  for  calcium  or  hypocalcemia  (6,  5 1 ).  Hypocal¬ 
cemia  stimulates  secretion  of  the  parathyroid  hormone,  and  the  parathyroid 
hormone  stimulates  the  conversion  of  25-OH-D,  to  l,25-(OH)2D,  in  the  kid¬ 
ney  (71).  In  addition,  hypophosphatemia  also  stimulates  conversion  of  25- 
OH-D,  to  l,25-(OH)2D,  (71).  In  true  hormonal  fashion,  therefore,  1,25- 
(OH)2D,  stimulates  active  calcium  and  phosphorus  transport  in  the  small 
intestine  and  probably  stimulates  active  transport  at  the  other  two  sites  as 
well  (13).  However,  the  other  two  sites  are  more  complicated  inasmuch  as 
parathyroid  hormone  is  also  involved  at  these  target  sites.  Figure  10.2  illus¬ 
trates  the  metabolism  of  vitamin  D  required  for  function.  Figure  10.3 
presents  the  control  of  calcitriol  or  l,25-(OH)2D,  production  by  plasma  cal¬ 
cium  concentration  (12,  50). 

Although  the  function  of  vitamin  D  in  stimulating  intestinal  calcium  trans¬ 
port  has  been  known  since  the  early  part  of  the  century  (52),  the  molecular 
mechanism  whereby  it  carries  out  this  function  has  remained  largely  un¬ 
known.  Furthermore,  little  investigation  has  taken  place  on  the  molecular 
mechanism  whereby  calcitriol  functions  to  promote  renal  reabsorption  of 
calcium  or  the  mobilization  of  calcium  from  bone.  For  this  reason  the  discus¬ 
sion  here  centers  upon  the  role  of  the  vitamin  D  hormone  in  the  intestine. 
Finally,  it  should  be  noted  that  little  is  known  concerning  intestinal  phos¬ 
phate  absorption  as  stimulated  by  calcitriol,  and  hence  only  a  brief  descrip¬ 
tion  of  that  system  is  provided. 


Vitomin  0S  25-hydroxyvitomin  Dj  la,  25-dihydroxyvitomin  Dj 

Figwe  10.2.  Metabolism  of  vitamin  D  required  for  function.  In  addition  to  the  sites  of  25- 
hydroxylation  and  I -hydroxy lation  shown,  intestine  and  kidney  can  carry  out  some  25-hydrox- 
ylation.  and  the  placenta  can  carry  out  some  l-hydroxylation. 
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Figure  10.3.  Diagrammatic  representation  of  the  regulation  of  l,25-(OH)2D<  (calcitriol)  synthe¬ 
sis  from  25-OH-D,  (calcidio!)  involving  the  parathyroid  hormone.  Also  shown  are  the  sites  of 
action  of  calcitriol  and  parathyroid  hormone  in  bringing  about  elevation  of  plasma  calcium 
concentration. 


1.  CHARACTERISTICS  OF  INTESTINAL  CALCIUM 
TRANSPORT  INDUCED  BY  VITAMIN  D 

Following  the  work  of  Orr  in  1924  (52),  Nicholaysen  and  his  colleagues 
firmly  established  that  vitamin  D  specifically  stimulates  intestinal  absorption 
of  calcium  (48).  This  absorption  did  not  require  the  presence  of  phosphate, 
but  beyond  that  little  new  information  was  learned.  In  1967  Schachter  and 
Rosen  (62)  carried  out  the  first  in  vitro  experiments  using  the  everted  intes¬ 
tinal  sac  technique  of  Wilson  and  Wiseman  (83)  to  show  that  calcium  is 
transported  against  a  concentration  gradient  and  is  specifically  stimulated  by 
vitamin  D.  This  was  subsequently  followed  by  the  demonstration  in  four 
laboratories  that  calcium  is  transported  against  an  electrochemical  potential 
gradient  in  response  to  vitamin  D  (41, 60,  76,  79).  The  characteristics  of  this 
calcium  transport  system  are:  (1)  calcium  is  transported  against  an  electro¬ 
chemical  potential  gradient,  (2)  it  has  a  Km  of  1  m M  for  calcium,  and  (3) 
metabolic  energy  is  required  for  the  transfer  reaction.  A  thorough  examina¬ 
tion  of  the  requirements  of  this  transport  system  has  revealed  that  an  energy 
supply,  usually  glucose  or  fructose,  and  the  presence  of  sodium  ions  are 
required  (42).  Sodium  is  required  for  calcium  to  be  transported  across  the 
basal-lateral  membrane  of  the  small  intestine,  but  little  else  is  known  about 
the  mechanism  for  this  transfer  reaction.  Cellular  compartment  levels  of 
calcium  measured  during  steady-state  transport  suggest  that  vitamin  D  func¬ 
tions  at  the  brush-border  surface  and  the  basal-lateral  surface  in  stimulating 
transport  (61).  The  brush-border  site  has  been  confirmed  using  kinetic  mea¬ 
surements  (41,  76).  Additionally,  kinetics  of  calcium  movements  in  isolated 
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villus  cells  suggest  that  vitamin  D  affects  an  intracellular  compartment  of 
calcium,  perhaps  mitochondria  (5).  Reports  that  brush-border  vesicles  from 
animals  treated  with  vitamin  D  compounds  show  increased  calcium  trans¬ 
port  (7,  55)  and  the  polyene  antibiotic  experiments  (1)  offer  further  support 
to  the  idea  that  vitamin  D  affects  the  brush-border  surface  in  effecting  in¬ 
creased  calcium  transport.  However,  a  clear  description  of  the  transport 
mechanism  affected  by  vitamin  D  is  lacking. 

Of  considerable  interest  was  the  discovery  by  Nicolaysen  and  his  col¬ 
leagues  that  animals  fed  a  low-calcium  diet  but  given  adequate  amounts  of 
vitamin  D  had  much  higher  rates  of  intestinal  calcium  absorption  than  ani¬ 
mals  fed  a  high-calcium  diet  given  adequate  amounts  of  vitamin  D  (49).  This 
ability  of  the  organism  to  adapt  to  the  need  for  calcium  led  Nicolaysen  to 
propose  a  factor  released  by  bone  that  would  instruct  the  intestine  of  the 
requirements  for  calcium.  When  it  was  learned  that  vitamin  D  must  be 
converted  to  calcitriol  (31)  and  the  production  of  calcitriol  is  regulated  by  the 
need  for  calcium,  it  soon  became  clear  that  the  Nicolaysen  Endogenous 
Factor  was  nothing  more  than  calcitriol  appearing  in  response  to  parathyroid 
hormone  secretion.  Thus  the  increased  rate  of  intestinal  calcium  absorption 
or  transport  that  results  from  a  dietary  calcium  lack  is  the  result  of  a  stimula¬ 
tion  of  production  of  the  vitamin  D  hormone  or  calcitriol  (58). 

Phosphate  transport  in  the  intestine  in  response  to  calcitriol  is  now  known 
to  be  independent  of  calcium  in  the  medium  (9),  and  an  energy  supply  (35)  is 
required  as  well  as  sodium  ions  (81).  The  sodium  ions  in  the  case  of  phos¬ 
phate  transport  are  required  for  entry  of  phosphate  across  the  brush-border 
membrane  of  the  mucosa.  The  Km  for  phosphate  is  also  about  1  m M,  and 
phosphate  is  the  active  ion  transported  against  an  electrochemical  potential 
gradient.  So  far,  no  carrier  for  this  transport  has  been  described.  Since  little 
more  is  known  about  the  phosphate  system,  all  remaining  discussion  focuses 
on  the  intestinal  calcium  transport  mechanism. 


2.  TIME  COURSE  OF  RESPONSE  OF  INTESTINAL 
CALCIUM  TRANSPORT  TO  CALCITRIOL 

Two  techniques  have  been  used  to  follow  intestinal  calcium  transport  in 
response  to  calcitriol.  One  is  the  everted  intestinal  sac  technique  (83),  and 
the  other  is  a  measurement  of  oxygen-dependent  calcium  uptake  by  discrete 
discs  (34)  of  intestinal  mucosa  taken  from  animals  either  vitamin  D  deficient 
or  given  vitamin  D  compounds.  The  results  of  these  studies  were  identical 
regardless  of  the  methods  used. 

Figure  10.4  illustrates  the  complex  response  observed  in  the  duodenum  of 
rats  given  a  single  injection  of  calcitriol  (27).  There  is  an  initial  rapid  re¬ 
sponse  in  which  calcium  transport  against  a  concentration  gradient  rises  to  a 
maximum  value  at  6  h  after  intravenous  injection  of  a  physiologic  dose  of 
calcitriol.  This  is  followed  by  a  fall  in  the  transport  ability  to  a  low  level 
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Figure  10.4.  Time  course  of  intestinal  calcium  transport  response  to  the  vitamin  D  hormone 
(calcitriol).  At  various  times  following  a  single  intravenous  injection  of  325  pmol  of  calcitriol, 
duodena  were  removed  and  calcium  transport  measured  by  the  everted  gut  sac  technique. 
These  values  are  to  be  compared  with  the  everted  intestinal  sac  transport  ratios  obtained  in 
vitamin  D-deficient  or  control  animals  ( — ). 


observed  at  18  h,  only  to  have  a  resumption  of  transport  reaching  a  maxi¬ 
mum  between  24-48  h.  This  transport  response  then  remains  for  several 
days.  These  results  illustrate  that  the  first  response  is  one  of  existent  villus 
cells  on  the  surface  of  the  duodenum.  It  is  clear  that  these  villus  cells  are 
responding  to  the  hormone.  The  second  response  is  very  likely  a  pro¬ 
grammed  response  of  the  crypt  cells  as  they  migrate  into  the  villus  region 
where  they  begin  calcium  transport.  Of  particular  importance  is  that  at  the 
24-h  period  if  a  second  injection  of  calcitriol  is  given,  the  initial  rapid  re¬ 
sponse  is  induced  superimposed  upon  the  slower  or  second  response,  but  the 
second  response  from  the  second  dose  does  not  appear.  These  results  sug¬ 
gest  that  there  are  two  independent  mechanisms. 

With  the  synthesis  of  calcitriol  labeled  with  tritium  in  the  26-  and  27- 
positions  ( 160  Ci/mmol),  it  was  possible  to  carry  out  both  biochemical-based 
cell  fractionation  and  freeze-thaw  autoradiography  (10,  30,  40,  69,  84).  Since 
biochemical  fractionation  of  tissues  carried  with  it  the  danger  of  redistribu¬ 
tion  of  label  following  rupture  of  the  cells,  we  relied  almost  entirely  upon  the 
freeze-thaw  autoradiography  approach  to  learn  of  the  r  >f  deposition  of 
the  calcitriol  prior  to  the  intestinal  response  (69,  84).  It  s..  uld  be  important 
to  note  that  calcitriol  is  rapidly  degraded  in  the  small  intestine  by  a  side- 
chain  oxidative-cleavage  reaction  that  results  in  total  loss  of  tritium  (17,  39). 
Thus  the  label  that  appears  arises  from  intact  calcitriol.  As  shown  in  Fig. 
10.5,  calcitriol,  within  one-half  hour  postinjection,  localizes  in  the  villus  cells 
of  the  small  intestine  and  specifically  in  the  nuclei  (69).  It  is  not  found 
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Figure  10.5.  Freeze-thaw  autoradiography  of  rat  small  intestine  one-half  hour  after  in  vivo 
injection  of  325  pmol  of  l  ,25-(OHh(26,27-'HlD\ .  Lumen  of  intestine  is  on  the  far  right  ,  submu¬ 
cosa  is  on  the  far  left.  Note  the  nuclear  localization  in  the  villus  cells,  with  no  other  specific 
localization  noted  elsewhere  in  the  same  cells  or  in  the  goblet  cell  or  in  the  submucosa. 


concentrated  in  the  brush  border,  in  the  Golgi  apparatus,  or  in  the  basal- 
lateral  membrane.  Note  there  is  no  nuclear  localization  in  the  goblet  cells  or 
in  the  submucosa.  Similar  nuclear  localization  is  found  in  the  crypt  cells  but 
not  in  the  smooth  muscle  cells  of  the  small  intestine  (68).  This  label  can  be 
removed  by  competition  with  uniabeled  calcitriol  but  not  with  calcidiol  (25- 
hydroxy  vitamin  D,)  or  other  similar  compounds,  representing  specific  nu¬ 
clear  localization.  This  therefore  suggests  that  a  nuclear  mechanism  is  in¬ 
volved  in  the  expression  of  vitamin  D  action. 

As  might  be  expected  from  the  fact  that  calcitriol  is  a  steroid  hormone  and 
from  the  dogma  of  how  steroid  hormones  act,  a  macromolecular  receptor  for 
calcitriol  must  exist.  It  is  now  quite  clear  that  in  chicks  a  3.7S  (8,  38)  and  in 
mammals  a  3.2S  macromolecule  (18,  36,  47)  is  found  in  all  target  tissues 
which  specifically  binds  calcitriol  with  high  affinity  and  low  capacity.  Such  a 
receptor  molecule  can  be  readily  demonstrated  either  by  Scatchard  plot 
analysis  or  as  shown  in  Fig.  10.6  by  sucrose  density-gradient  analysis.  In  the 
small  intestine  of  the  chick  and  man,  the  Kd  for  calcitriol  is  5  x  10  11  M  (46, 
82).  The  association  and  dissociation  rate  constants  are  known,  and  a  ratio 
of  the  association  and  dissociation  rate  constants  gives  approximately  the 
same  Kd  (46,  82).  Therefore  this  represents  a  highly  specific  binder  for  calci¬ 
triol.  In  fact,  experimental  measurements  using  unlabeled  analogs  of  calci- 
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Figure  10.6.  Inhibition  of  calcium  uptake  response  of  chick  embryonic  intestine  in  culture  in 
response  to  75  p.M  calcitriol.  Solid  triangles  represent  uninhibited  calcium  uptake  response  to 
the  calcitriol.  Open  circles  represent  calcium  uptake  in  embryonic  intestine  without  addition  of 
calcitriol.  Open  triangles  represent  intestinal  responses  to  calcitriol  in  the  presence  of  cyclohex- 
imide  until  12  h,  at  which  time  one-half  the  cultures  were  continued  in  the  presence  of  cyclohex- 
imide.  whereas  the  other  half  were  transferred  to  fresh  medium  without  cycloheximide.  This  is 
represented  by  the  dotted  line.  The  *  represents  significant  transport  response  with  p  <  0.001. 


triol  illustrate  the  high  degree  of  selectivity  (14,  16.  37).  No  metabolite  of 
vitamin  D  approaches  calcitriol  in  its  ability  to  bind  to  this  receptor  mole¬ 
cule;  the  closest  being  l,24R,25-trihydroxyvitamin  D3,  a  minor  metabolite 
that  shows  a  Kd  of  somewhere  less  than  I0-9  M.  25-OH-D,  or  calcidiol,  the 
precursor,  will  bind  the  receptor,  but  approximately  a  1000-fold  excess  is 
required.  It  is  unknown  whether  this  macromolecule  is  located  in  the  cyto¬ 
plasm  or  is  found  in  the  nucleus  prior  to  association  with  calcitriol  (38,  77). 
Evidence  from  some  cell  fractionation  experiments  in  low-salt  medium  sug¬ 
gest  that  it  is  nuclear,  whereas  fractionation  experiments  from  high-salt 
media  suggest  that  it  is  cytoplasmic.  This  cannot  be  resolved  until  frozen- 
section  autoradiography  is  obtained  with  antibodies  to  the  receptor  mole¬ 
cule.  Monoclonal  antibodies  to  the  chick  receptor  have  been  prepared  (53), 
as  has  a  pure  preparation  of  the  receptor  (63).  This  will  undoubtedly  result  in 
resolution  of  this  dilemma. 


3.  IS  TRANSCRIPTION  INVOLVED  IN  THE 
EXPRESSION  OF  CALCITRIOL  ACTION  ON  THE 
SMALL  INTESTINE? 


When  calcitriol  was  first  discovered,  it  could  be  demonstrated  that  the  provi¬ 
sion  of  actinomycin  D  to  vitamin  D-deficient  animals  did  not  prevent  the 
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intestine  from  responding  to  physiologic  amounts  of  calcitriol  (72).  This 
initial  work  has  been  repeated  in  subsequent  years  in  which  it  has  been 
concluded  that  calcitriol  must  act  by  a  mechanism  not  involving  transcrip¬ 
tion  of  DN  A  (3).  Unfortunately,  actinomycin  D  at  l  /i.g/g  of  body  weight  does 
not  block  the  production  of  RNA  in  the  small  intestine  by  more  than  30%. 
Addition  of  higher  concentrations  of  actinomycin  D  brings  about  death  of 
animals  (74).  In  short,  it  is  not  possible  to  carry  out  in  vivo  experiments  with 
actinomycin  D  that  can  be  considered  conclusive  as  to  whether  transcription 
is  involved  in  the  action  of  calcitriol  on  intestine  or  not.  The  best  information 
available  in  this  area  has  come  from  tissue  culture  experiments. 

Corradino  has  developed  a  culture  system  in  which  intestine  is  excised 
from  chick  embryos  at  20-21  days  of  incubation  (11).  These  intestinal  seg¬ 
ments  can  be  cultured  conveniently  for  several  days  and  show  increasing 
calcium  uptake  following  addition  of  saturating  amounts  of  calcitriol  (11,21). 
This  transport  system  has  been  quite  thoroughly  characterized:  the  Km  for 
calcium  is  of  the  order  of  1-2  m M.  It  is  a  saturable  transport  process,  but  a 
requirement  for  energy  supply  could  not  be  demonstrated.  Thus  blocking  of 
glycolysis  and  oxidative  phosphorylation  did  not  block  this  calcium  uptake 
process  (21).  This  is  unlike  the  process  seen  in  intestine  taken  from  intact 
animals.  In  any  case,  the  addition  of  calcitriol  at  75  n M  produces  a  clear 
response  at  6  h,  and  this  response  can  be  blocked  by  the  addition  of  5  /xM 
cycloheximide  or  5  fiM  of  actinomycin  D  (20).  To  illustrate  that  this  is  not 
merely  the  result  of  death  of  the  cells,  if  cycloheximide  is  washed  away  by 
transferring  the  cultures  to  fresh  medium,  the  response  to  calcitriol  immedi¬ 
ately  returns  (Fig.  10.6).  Similar  but  less  dramatic  results  can  be  obtained 
with  the  actinomycin.  Furthermore,  other  inhibitors  of  transcription  block 
this  in  vitro  response  to  calcitriol.  If  it  can  be  accepted  that  this  system 
represents  at  least  a  segment  of  the  intestinal  calcium  transport  mechanism 
found  in  young  growing  animals,  then  these  results  are  consistent  with  the 
idea  that  calcitriol  must  function  by  interaction  with  a  receptor  followed  by 
transcription  of  specific  genes  that  code  for  calcium  and  phosphorus  trans¬ 
port  proteins. 

Rasmussen  and  his  colleagues  have  contended  that  calcitriol  may  function 
directly  on  the  brush-border  membrane  by  altering  the  lipid  composition 
which  thereby  might  affect  calcium  flux  (56).  To  support  these  conclusions 
they  have  shown  that  there  is  a  change  in  the  phosphatidylcholine  to  phos- 
phatidylethenolamine  ratio  in  brush  borders  isolated  from  animals  given 
calcitriol  (56).  They  have  also  reported  a  change  in  the  cholesterol  ester  to 
cholesterol  content  of  the  brush-border  membranes  (25).  Finally,  this  group 
has  provided  evidence  using  membrane  vesicles  derived  from  animals  given 
calcitriol  to  show  increased  calcium  transfer  across  the  brush-border  mem¬ 
branes  (45).  In  our  experience,  virtually  all  of  the  intestinal  response  is 
nuclear  mediated,  but  it  is  indeed  possible  that  other  actions  of  calcitriol 
may  exist  in  the  small  intestine. 
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4.  PRODUCTS  OF  GENE  EXPRESSION  INDUCED 
BY  CALCITRIOL 

The  nature  and  extent  of  the  gene  products  that  result  from  calcitriol  stimu¬ 
lation  of  the  enterocyte  are  not  known.  In  1967  Wasserman  and  Taylor 
described  a  calcium-binding  protein  found  in  the  intestine  that  appeared 
dependent  on  vitamin  D  (80).  Extensive  work  by  this  group  and  many  other 
groups  have  shown  that,  in  the  chick,  this  protein  has  a  molecular  weight  of 
28,000  and,  in  mammals,  of  the  order  of  8000-12,000  (78).  The  amino  acid 
sequence  of  the  bovine  calcium-binding  protein  is  known  (22),  whereas  the 
chick  protein  is  still  being  characterized.  Antibodies  are  available  to  this 
protein,  and  there  is  little  doubt  that  the  calcium-binding  protein  originally 
described  by  Wasserman  is  made  in  response  to  calcitriol  (4).  The  site  of 
localization  of  this  protein  appears  to  be  cytoplasmic  (73),  and  there  is 
considerable  debate  as  to  whether  this  protein  plays  a  role  in  calcium  trans¬ 
port  (29,  66).  Of  particular  interest  is  the  work  of  Spencer  and  Lawson,  who 
could  not  find  calcium-binding  protein  in  the  intestine  at  the  time  it  re¬ 
sponded  (67),  and  furthermore,  could  find  no  evidence  for  the  presence  of 
messenger  RNA  for  the  calcium-binding  protein  at  the  time  calcium  trans¬ 
port  appeared  in  response  to  calcitriol  (65).  Additionally,  the  calcium-bind¬ 
ing  protein  remained  in  the  intestine  long  after  the  response  of  the  intestine 
to  calcitriol  had  subsided  (65,  67).  Thus,  on  a  temporal  basis,  it  appeared  that 
some  other  factor  must  be  induced  by  calcitriol  to  carry  out  the  transport 
function. 

More  recently  we  have  developed  a  system  of  examining  expression  of 
genes  in  which  intestinal  mucosa  explanted  from  vitamin  D-deficient  animals 
is  incubated  with  l4C  amino  acids,  whereas  mucosa  explanted  from  animals 
given  calcitriol  6  h  before  are  incubated  with  the  same  amino  acids  but 
labeled  with  tritium  (32,  33,  Bishop,  Thompson,  Santek,  and  DeLuca. 
unpublished  results).  These  two  mucosal  preparations  are  mixed,  homoge¬ 
nized,  and  fractionated  into  a  pellet  fraction  and  a  cytoplasmic  fraction. 
Each  of  these  fractions  is  then  subjected  to  solubilization  and  two-dimen¬ 
sional  gel  electrophoretic  separation.  The  gel  is  then  exposed  to  film  that  is 
sensitive  to  l4C  only  or  other  film  to  which  a  fluor  is  added,  resulting  in 
sensitivity  to  ,4C  and  tritium.  The  two  records  are  subjected  to  a  drum 
densitometer  examination  on  line  to  a  Man-computer  Interactive  Data  Ac¬ 
cess  System  (MclDAS)  that  then  locates,  outlines  the  spots,  and  computes 
the  tritium  to  l4C  ratio.  The  proteins  that  are  specifically  labeled  with  tritium 
in  response  to  calcitriol  are  therefore  highlighted  by  the  computer,  and  the 
ratio  is  given  (Bishop.  Thompson,  Santek,  Kendrick,  and  DeLuca.  in  prepa¬ 
ration).  Furthermore,  we  have  developed  methods  using  computer  analysis 
of  these  gels  in  which  each  spot  of  interest  is  subjected,  because  of  internal 
standards,  to  computation  of  the  amount  of  protein  produced  (4). 

Two  results  have  already  come  from  this  study.  The  first  is  shown  in  Fig. 
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INCUBATION  WITH  l,25-(0H)2D3  (h) 


Figure  10.7.  Time  course  of  synthesis  of  calcium-binding  protein  in  response  to  calcitrio)  in 
embryonic  chick  intestine.  Tritium-labeled  calcium-binding  protein  was  detected  by  fluorogra- 
phy  following  two-dimensional  gel  electrophoresis  separation  from  other  proteins.  With  a  drum 
densitometer  on  line  with  a  McIDAS  computer  these  spots  were  located,  a  program  was  used  to 
define  the  areas  in  the  spots,  and  the  total  incorporation  was  measured  by  comparison  with 
internal  standards  using  computer-based  analysis.  Significant  increase  in  calcium-binding  pro¬ 
tein  synthesis  occurred  within  I  h  after  addition  of  calcitriol,  and  calcium  uptake  was  not  altered 
until  6  h  postincubation  with  calcitriol,  leaving  no  doubt  that  calcium-binding  protein  is  formed 
far  in  advance  of  calcium  uptake  by  this  tissue. 


10.7  and  demonstrates  that  the  calcium-binding  protein  appears  well  in  ad¬ 
vance  of  calcium  transport  in  the  case  of  the  in  vitro  chick  intestinal  organ 
cultures  (4).  This  technique  is  about  one  order  of  magnitude  more  sensitive 
than  immunoassay  and  supports  the  concept  put  forth  by  Wasserman  that 
calcium-binding  protein  is  present  in  sufficient  time  to  play  a  role  in  calcium 
transport.  The  major  question,  however,  is  what  are  the  other  proteins  that 
are  synthesized  in  response  to  calcitriol  and  how  can  they  be  integrated  into 
a  molecular  mechanism?  So  far,  there  are  two  such  proteins  that  have  made 
theii  appearance  in  our  double-label  profiles.  Unfortunately,  we  have  not 
thoroughly  characterized  these  proteins  and  thus  are  unable  to  report  at  this 
time.  Nevertheless,  there  are  other  gene  products  that  appear  in  response  to 
calcitriol  besides  the  calcium-binding  protein,  and  they  must  be  integrated 
into  a  calcium  transport  mechanism.  The  suggested  mechanism  for  calcium 
transport  is  diagrammatically  illustrated  in  Fig.  10.8.  Calcitriol  must  interact 
with  the  receptor  that  ultimately  makes  its  appearance  with  the  ligand  in  the 
nucleus  bound  to  specific  DNA  sequences,  which  then  causes  transcription 
of  specific  genes  that  play  a  role  in  calcium  and  phosphate  transport.  One  of 
these  probably  appears  at  the  brush-border  membrane  that  serves  as  a  car¬ 
rier  for  calcium.  The  calcium-binding  protein  may  serve  in  the  cytoplasm  to 
bind  the  calcium  and  provide  for  selective  expulsion  of  the  calcium  at  the 
basal-lateral  membrane.  That  process  appears  to  be  sodium  dependent.  Ob¬ 
viously,  much  remains  to  be  learned  about  the  molecular  mechanism  of 
calcium  transport. 
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Mechanism  OF  Calcifriol  In  Intestine 


Figure  10.8.  Diagrammatic  representation  of  the  probable  molecular  mechanism  of  action  of 
calcitriol  in  stimulating  intestinal  calcium  transport.  Calcitriol  must  interact  with  the  receptor, 
which  in  turn  must  interact  with  specific  components  of  the  nuclei.  This  results  in  transcription 
of  specific  genes  that  code  for  calcium  and  phosphorus  transport  proteins  that  are  yet  to  be 
clearly  defined.  These  act  at  the  brush  border,  the  cytosol,  and  probably  at  the  basal-lateral 
membrane.  Sodium  is  required  for  the  final  expulsion  of  calcium. 


5.  DEVELOPMENT  OF  THE  INTESTINAL  CALCIUM 
TRANSPORT  IN  NEONATAL  ANIMALS 

During  the  course  of  our  investigation  of  the  role  of  vitamin  D  in  reproduc¬ 
tion  and  lactation,  we  examined  duodenal  calcium  transport  in  neonatal  rats 
that  were  nursed  by  their  mothers  (26).  It  was  surprising  for  us  to  learn,  as 
shown  in  Fig.  10.9,  that  intestinal  calcium  transport  did  not  make  its  appear¬ 
ance  until  shortly  before  weaning,  and  furthermore,  the  intestine  seemed 
insensitive  to  vitamin  D  whether  it  was  given  to  the  mother  or  given  directly 
to  the  rat  pup  prior  to  14  days  postpartum.  At  the  same  time  we  carried  out 
these  experiments,  we  learned  that  the  vitamin  D-dependent  bone  calcium 
mobilization  had  already  developed  during  this  period.  In  short,  the  intesti¬ 
nal  calcium  transport  mechanism  in  response  to  vitamin  D  had  specifically 
not  developed  in  these  animals  while  they  were  supported  by  milk  from  their 
mothers. 

To  illustrate  that  this  lack  of  hormone  sensitivity  was  not  the  result  of  a 
failure  of  development  of  metabolism  of  vitamin  D.  calcitriol  given  to  ani¬ 
mals  during  this  neonatal  period  produced  no  response,  illustrating  that  the 
intestine  was  insensitive  to  calcitriol  until  approximately  14-16  days  post¬ 
partum  (26).  Upon  examination  of  these  intestines,  it  became  clear  that 
neonatal  rat  intestine  has  very  little  or  no  calcitriol  receptor  and  that  this 
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Days  postpartum  0  4  8  12  16  20  24  28  32  3  6  4  0  4  4  48 

Plasma  Concentration  -  25  ±  4  101  ±  14  128  ±18 

of  1 , 25 - ( OH )2 0 j  in 
pups  from  *0  litters 
( pg  /ml  ) 

Figure  10.9.  Time  course  of  development  of  calcium  transport  in  the  intestines  of  neonatal  rat 
pups  given  adequate  amounts  of  vitamin  D.  Plasma  concentrations  of  calcitriol  are  listed  below 
the  graph,  and  the  percent  difference  in  calcium  transport  between  animals  receiving  vitamin  D 
and  those  not  receiving  vitamin  D  is  plotted.  Note  that  responsiveness  to  vitamin  I)  does  not 
appear  until  14  days  postpartum. 


receptor  makes  its  appearance  at  precisely  the  time  when  active  calcium 
transport  and  vitamin  D  sensitivity  makes  its  appearance  (Fig.  10.10)  (28). 
To  further  support  this  observation,  we  examined  the  development  of  the 
receptor  in  adrenalectomized  animals,  since  hydrocortisone  is  known  to  play 
an  important  role  in  the  maturation  of  the  small  intestine  (44).  The  results 
show  quite  clearly  that  adrenalectomy  delays  the  onset  of  development  of 
the  receptor,  whereas  injection  of  hydrocortisone  precociously  brings  about 
the  appearance  of  the  receptor  (43).  Finally,  if  the  intestine  is  explanted  at  14 
days  postpartum  and  incubated  in  culture  with  hydrocortisone,  the  receptor 
makes  its  appearance  (Fig.  10. 1 1 ),  whereas  if  the  intestine  is  incubated  in  the 
absence  of  hydrocortisone,  the  receptor  does  not  appear  (43).  At  later 
stages,  however,  hydrocortisone  has  no  effect,  and  the  receptor  makes  its 
appearance  in  culture  in  any  case.  These  results  provide  two  important 
facts:  (1)  interaction  of  calcitriol  with  a  receptor  is  required  for  the  intestinal 
calcium  transport  response;  and  (2)  hydrocortisone  plays  an  important  role 
in  maturation  of  the  vitamin  D  calcium  transport  system  in  neonatal  rats, 
probably  by  inducing  the  formation  of  the  calcitriol  receptor  molecule. 

To  provide  further  evidence  that  the  molecular  mechanism  of  calcitriol 
action  in  the  small  intestine  probably  involves  a  nuclear  mechanism,  an 
experiment  of  nature  can  also  be  cited  as  further  support.  With  three  groups, 
we  independently  discovered  a  new  type  of  vitamin  D-resistant  rickets. 
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Age  (daye  postpartum) 

Figure  10.10.  Time  course  of  appearance  of  calcitriol  intestinal  receptor  in  the  neonatal  rat 
postpartum.  Note  that  in  the  +  D  animals  (O).  the  receptor  makes  its  appearance  between  14-16 
days  postpartum,  whereas  in  the  -D  animals  (•)  the  receptor  does  not  appear  until  20  days 
postpartum.  This  correlates  with  sensitivity  of  the  intestine  to  calcitriol. 


called  vitamin  D-dependency  rickets  Type  II  (2,  59,  64).  Children  born  with 
this  autosomal  recessive  defect  show  high  circulating  levels  of  calcitriol  and 
an  insensitivity  of  the  intestine  and  other  target  organs  to  calcitriol  adminis¬ 
tration.  Thus  these  children  become  rachitic  despite  receiving  the  active 
form  of  vitamin  D.  Dr.  Steve  Marx  at  the  National  Institutes  of  Health  has 
explanted  skin  cells  from  these  subjects  as  well  as  skin  cells  taken  from 
normal  subjects  (15,  19).  In  brief,  he  was  able  to  show  that  in  some  of  these 
patients  there  is  a  lack  of  calcitriol  receptor,  illustrating  that  at  least  a  sub¬ 
group  of  this  type  of  vitamin  D-dependency  rickets  results  from  a  lack  of 


Figure  10.11.  Response  of  calcitriol  receptor  to  hy¬ 
drocortisone.  Intestinal  tissue  was  explanted  from 
neonatal  rats  at  14  days  postpartum  and  incubated  in 
the  absence  (parallel-marked  graph)  and  in  the  pres¬ 
ence  of  hydrocortisone  (hatched  bar)  for  24  h.  Follow¬ 
ing  this  the  level  of  receptor  present  in  the  cultured 
tissue  was  measured.  These  results  demonstrate  that 
hydrocortisone  brings  about  a  maturation  of  the  cells 
in  culture  and  with  it  the  calcitriol  receptor  makes  its 
appearance. 
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receptor.  Thus,  in  this  experiment  of  nature  it  is  clear  that  the  intestine 
cannot  respond  unless  calcitriol  interacts  with  a  receptor,  again  supporting 
the  nuclear-mediated  mechanism  for  calcitriol  action  in  inducing  intestinal 
calcium  transport. 


6.  SUMMARY 

Vitamin  D  must  be  metabolized  to  25-OH-Di  or  calcidiol  in  the  liver  and 
subsequently  to  l,25-(OH)2D3  (calcitriol)  in  the  kidney  to  produce  its  physio¬ 
logical  actions.  Calcitriol  stimulates  calcium  and  phosphorus  transport  reac¬ 
tions  in  the  small  intestine  and  together  with  parathyroid  hormone  stimulates 
calcium  transport  reactions  in  bone  and  kidney.  In  the  small  intestine  calci¬ 
triol  brings  about  its  response  in  a  complex  manner.  It  provides  a  very  rapid 
response  on  existing  villus  cells,  causing  a  rise  in  calcium  transport  within 
6  h  postadministration.  This  transport  response  subsides  by  18  h,  and  a 
second  response  makes  its  appearance  at  24-48  h.  This  second  response  is 
likely  to  be  an  action  on  crypt  cells  which  then  migrate  into  the  villus  region 
and  bring  about  calcium  transport.  The  molecular  mechanism  of  calcium 
transport  in  the  villus  cells  has  been  examined.  Calcitriol  localizes  specifi¬ 
cally  in  the  nucleus  within  0.5  h  postadministration,  and  it  does  not  localize 
in  any  of  the  other  cell  fractions.  A  receptor  has  been  discovered  for  calci¬ 
triol,  and  interaction  with  this  receptor  is  required  for  calcitriol  to  bring 
about  its  action  in  stimulating  calcium  transport.  It  is  therefore  believed  that 
calcitriol,  together  with  receptor,  binds  to  specific  portions  of  nuclear  DNA 
to  bring  about  transcription  of  specific  genes  that  code  for  calcium  and 
phosphorus  transport  proteins.  Only  one  protein  induced  by  calcitriol  has 
been  described.  It  is  the  calcium-binding  protein  found  in  the  cytoplasm. 
Exactly  how  it  functions  in  calcium  transport  is  in  debate,  although  the  time 
sequence  of  its  appearance  appears  to  be  consistent  with  a  role  in  that 
system.  It  is  likely  that  other  gene  products  are  induced  by  calcitriol,  and 
they  are  currently  being  characterized. 

In  the  neonatal  rat,  active  calcium  transport  does  not  make  its  appearance 
until  14-16  days  postpartum.  The  intestine  is  not  sensitive  to  vitamin  D  or 
calcitriol  prior  to  this  time.  This  lack  of  sensitivity  is  because  of  the  lack  of  a 
receptor  for  calcitriol.  The  receptor  to  calcitriol  can  be  precociously  induced 
by  hydrocortisone  injections,  or  it  can  be  delayed  by  adrenalectomy.  Incuba¬ 
tion  of  intestine  from  neonatal  rat  pups  at  i4  days  postpartum  with  hydrocor¬ 
tisone  brings  about  in  vitro  appearance  of  the  receptor  molecule.  These 
results  and  results  of  studies  involving  genetic  vitamin  D  resistance  strongly 
suggest  that  calcitriol  must  function  by  interaction  with  the  receptor,  pre¬ 
sumably  by  a  nuclear  mechanism,  to  bring  about  intestinal  calcium  trans¬ 
port.  The  molecular  mechanism,  however,  remains  to  be  described. 


174 


VITAMIN'  U-DEPENDENT  Ca  * 2  TRANSPORT 


ACKNOWLEDGMENTS 

This  work  was  supported  by  a  Program  Project  Grant  No.  AM- 1 488 1  from 
the  National  Institutes  of  Health  and  by  the  Harry  Steenbock  Research  Fund 
of  the  Wisconsin  Alumni  Research  Foundation. 


REFERENCES 

1.  Adams,  T.  H.,  Wong.  R.  G.,  and  Norman.  A.  W.  ( 1970)  7.  Biol.  Chem..  245,  4432-4442. 

2.  Bell.  N.  H..  Hamstra,  A.  J..  and  DeLuca.  H.  F.  (1978)  N.  Engl.  7.  Med..  298,  996-999. 

3.  Bikle.  D.  D.,  Zolock.  I).  T..  Morrissey.  R.  L.,  and  Herman,  R.  H.  (1978)7.  Biol.  Chem.. 
253,  484-488. 

4.  Bishop.  C.  W„  Kendrick,  N.  C„  and  DeLuca,  H.  F.  (1982)  7.  Biol.  Chem..  258,  1305- 
1.310. 

5.  Borle,  A.  B.  ( 1974)  7.  Membrane  Biol..  16,  207-220. 

6.  Boyle,  I.  T..  Gray,  R.  V/.,  and  DeLuca.  H.  F.  (1971)  Proc.  Natl.  Acad.  Sci.  USA.  68, 
2131-2134. 

7.  Miller.  A.,  HI.  and  Bronner,  F.  (1981)  Biot hem.  J..  196,  391-401. 

8.  Brumbaugh.  P.  F.  and  Haussler.  M.  R.  (1975)  7.  Biol.  Chem..  250,  1588-1594. 

9.  Chen,  T  C.,  Castillo,  L..  Korycka-Dahl.  M..  and  DeLuca,  H.  F.  (1974)  7.  Natr..  104, 
1056-1060. 

10.  Chen.  T.  C..  Weber,  J.  C.,  and  DeLuca,  H.  F.  (1970)  7.  Biol.  Chem..  245,  3776-3780. 

1 1 .  Corradino.  R.  A.  ( 1973)  Science.  179,  402-404. 

12.  DeLuca.  H.  F.  (1974)  Fed.  Proc..  33,  2211-2219. 

13.  DeLuca,  H.  F.  (1981)  in  The  Harvey  Lectures.  Series  75,  Academic.  New  York  pp. 
333-379. 

14.  DeLuca.  H.  F.  and  Schones.  H.  K.  (1983)  Ann.  Rev.  Biochem..  52,  411-439. 

15.  Eil.C.,  Liberman.  U.  A..  Rosen.  J.  F.,and  Marx.  S.  J.  (1981)  M  Engl.J.  Med..  304,  1588- 
1591. 

16.  Eisman,  J.  A.  and  DeLuca,  H.  F.  (1977)  Steroids.  30,  245-257. 

17.  Esvelt,  R.  P.,  Schnoes.  H.  K.,  and  DeLuca,  H.  F.  (1979)  Biochemistry.  18,  3977-3983. 

18.  Feldman.  D..  McCain,  T.  A..  Hirst,  M.  A.,  Chen.  T.  L..  and  Colston.  K.  W.  ( 1979)7.  Biol. 
Chem..  254,  10378-10384. 

19.  Feldman,  D.,  Chen,  T.,  Cone.  C.,  Hirst.  M.,  Shani,  S.,  Benderli,  A.,  and  Hochberg.  Z. 
(1982)7.  Clin.  Endocrinol.  Metah.,  55,  1020-1023. 

20.  Franceschi.  R.  T.  and  DeLuca.  H.  F.  (1981)  7.  Biol.  Chem..  256,  3840-3847. 

21.  Franceschi.  R.  T.  and  DeLuca,  H.  F.  (1981)  7.  Biol.  Chem..  256,  3848-3852. 

22.  Fullmer,  C.  S.  and  Wasserman,  R.  H.  (1979)  7.  Biol.  Chem..  254,  7208-7212. 

23.  Garabedian,  M.,  Holick.  M.  F..  DeLuca.  H.  F.,  and  Boyle.  I.  T.  ( 1972)  Proc.  Natl.  Acad. 

Sei.  USA.  69,  1673-1676. 

24.  Garabedian,  M.,  Tanaka,  Y..  Holick,  M.  F..  and  DeLuca,  H.  F.  ( 1974)  Endocrinology .  94, 
1022-1027. 

25.  Goodman,  D.  B.  P..  Haussler.  M.  R..  and  Rasmussen,  H.  (1972)  Biochem.  Biophvs.  Res. 
Common. ,  46,  80-84. 


HEFEHKNCKS 


175 


26.  Halloran,  B.  P.  and  DeLuca,  H.  F.  (1980)  Aw.  J.  Physiol..  239,  G473-G479. 

27.  Halloran,  B.  P.  and  DeLuca.  H.  F.  (1981)  Arch.  Biot  Iwm.  Biophys.,  208,  477-486. 

28.  Halloran.  B.  P.  and  DeLuca,  H.  F.  (1981)  7.  Biol.  (  hem..  256,  7338-7342. 

29.  Harmeyer,  J.  and  Del  uca,  H.  F.  (1969)  Arch.  Biochem.  Biophys.,  133,  247-254. 

30.  Haussler.  M.  R..  Myrtle,  J.  F  ,  and  Norman.  A.  W.  ( 1968)  J.  Biol.  Client..  243,  4055-4064. 

31.  Holick,  M.  F.,  Schnoes,  H.  K.,  DeLuca,  H.  F..  Suda,  T..  and  Cousins,  R.  J.  (1971) 
Biochemistry,  10,  2799-2804. 

32.  Kendrick.  N.  C.,  Barr,  C.  R..  Moriarity,  D..  and  DeLuca.  H.  F.  (1981)  Biochemistry.  20, 
5288-5294. 

33.  Kendrick,  N.  C.,  Eakle,  K.,  and  DeLuca,  H.  F.  (1982)  Electrophoresis.  3,  346-353. 

34.  Kendrick,  N.  C.,  Kabakoff,  B.,  and  DeLuca,  H.  F.  (1981)  Biochem.  J.,  194,  178-186. 

35.  Kowarski,  S.  and  Schachter,  D.  (1969)  7.  Biol.  Client. ,  244,  211-217. 

36.  Kream,  B.  E.  and  DeLuca,  H.  F.  (1977)  Biochem.  Biophys.  Res.  Common . ,  76,  735-738. 

37.  Kream,  B.  E.,  Jose,  M.  J.  L.,  and  DeLuca,  H.  F.  (1977)  Arch.  Biochem.  Biophys.,  179, 
462-468. 

38.  Kream,  B.  E..  Reynolds.  R.  D..  Knutson,  J.  C..  Eisman,  J.  A.,  and  DeLuca,  H.  F.  (1976) 
Arch.  Biochem.  Biophys.,  176,  779-787. 

39.  Kumar,  R.,  Harnden,  D.,  and  DeLuca,  H.  F.  (1976)  Biochemistry,  15,  2420-2423. 

40.  Lawson,  D.  E.  M.,  Wilson,  P.  W.,  and  Kodicek,  E.  (1969)  Biochem.  J.,  115,  269-277. 

41.  Martin.  D.  L.  and  DeLuca,  H.  F.  (1969)  Arch.  Biochem.  Biophys..  134,  139-148. 

42.  Martin,  D.  L.  and  DeLuca,  H.  F.  (1969)  Am.  7.  Physiol..  216,  1351-1359. 

43.  Massaro.  E..  Simpson.  R.  U.,and  DeLuca,  H.  F.  (1982)7.  Biol.  CTiew.,257,  1.3736-137.39. 

44.  Massaro,  E..  Simpson,  R.  U.,  and  DeLuca,  H.  F.  ( 1983)  Aw.  7.  Physiol..  244,  E230-E235. 

45.  Max,  E.  E.,  Goodman,  D.  B.  P.,  and  Rasmussen,  H.  ( 1978)  Biochim.  Biophys.  Acta,  511, 
224-239. 

46.  Mellon,  W.  S.  and  DeLuca,  H.  F.  (1979)  Arch.  Biochem.  Biophys..  197,  90-95. 

47.  Mellon.  W.  S.  and  DeLuca,  H.  F.  (1980)  7.  Biol.  Chem..  255,  4081-4086. 

48.  Nicolaysen,  R.  and  Eeg-Larsen,  N.  (1953)  Vitam.  Horm.,  11,  29-60. 

49.  Nicolaysen,  R.,  Eeg-Larsen.  N.,  and  Malm.  O.  J.  (1953)  Physiol.  Rev.,  33,  424-444. 

50.  Omdahl.  J.  L.  and  DeLuca.  H.  F.  (1973)  Physiol.  Rev..  53,  327-372. 

51.  Omdahl,  J.  L.,  Gray.  R.  W.,  Boyle,  I.  T.,  Knutson.  J.,  and  DeLuca,  H.  F.  (1972)  Nature. 
237,  63-64. 

52.  Orr,  W.  J..  Holt.  L.  E.,  Jr..  Wilkins,  L.,  and  Boone,  F.  H.  (1923)  Aw.  7.  Dis.  Child..  26, 
362-372. 

53.  Pike,  J.  W..  Marion,  S.  L.,  Donaldson,  C.  A.,  and  Haussler,  M.  R.  (1983)7.  Biol.  Chem., 
258,  1289-12%. 

54.  Rasmussen.  H..  DeLuca.  H.  F.,  Arnaud,  C.,  Hawker,  C.,  and  von  Stedingk.  M.  (1963)7. 
Clin.  Invest..  42,  1940-1946. 

55.  Rasmussen,  H.,  Fontaine.  ().,  Max.  E..  and  Goodman.  D.  B.  P.  (1979)  7.  Biol.  Chem.. 
254,  2993-2999. 

56.  Rasmussen.  H.,  Matsumoto,  T..  Fontaine.  ()..  and  Goodman.  D.  B.  P.  ( 1982)  Fed.  Proc., 
41,  72-77. 

57.  Reeve.  L,,  Tanaka,  Y..  and  DeLuca.  H.  F.  ( 1983)  7.  Biol.  Chem..  258,  3615-3617. 

58.  Ribovich,  M.  L.  and  DeLuca,  H.  F.  (1975)  Arch.  Biochem.  Biophys.,  170,  529-535. 

59.  Rosen,  J.  F..  Fleischman,  A.  R..  Finberg,  L.,  Hamstra,  A.,  and  DeLuca.  H.  F.  (1979)7. 
Pediatr.,  94,  729-735. 


176 


VITAMIN  D-DEPENDENT  Ca ' 2  TRANSPORT 


60.  Schachler,  D.  (1963)  in  R.  H.  Wasserman.  Ed..  The  Transfer  of  Calcium  and  Strontium 
Across  Biological  Membranes,  Academic,  New  York,  pp.  197-210. 

61.  Schachter,  D.,  Kowarski.  S.,  Finkelsiein,  J.  D..  and  Wang  M.  R.  (1966)  Am.  J.  Physiol., 
211,  1 131- 1 136. 

62.  Schachler,  I),  and  Rosen,  S.  M.  (1959)  Am.  J.  Physiol..  196,  357-362. 

63.  Simpson,  R.  U.,  Hamslra,  A.,  Kendrick,  N.  C..  and  DeLuca.  H.  F.  (1983)  Biochemistry, 
22,  2586-2594. 

64.  Sockalowsky,  J.  J.,  Ulstrom,  R.  A.,  DeLuca,  H.  F.,  and  Brown,  D.  M.  (1980)7.  Pediatr., 
96,  701-703. 

65.  Spencer,  R..  Charman,  M.,  Emtage,  J.  S.,  and  Lawson,  D.  E.  M.  ( 1976)  Ear.  J.  Biochem., 
71,  399-409. 

66.  Spencer,  R..  Charman.  M..  Wilson,  P.,  and  Lawson,  E.  (1976)  Nature,  263,  161-163. 

67.  Spencer,  R..  Charman,  M.,  Wilson,  P.  W.,  and  Lawson,  D.  E.  M.  ( 1978)  Biochem.  J.,  170, 
9.3-102. 

68.  Stumpf.  W.  E.,  Sar,  M.,  and  DeLuca,  H.  F.  (1981)  in  Cohn,  D.  V.,  Talmage.  R.  V.,  and 
Matthews,  J.  L.,  Eds.,  Hormonal  Control  of  Calcium  Metabolism,  Excerpta  Medica, 
Amsterdam,  pp.  222-229. 

69.  Stumpf.  W.  E.,  Sar,  M.,  Reid,  F.  A.,  Tanaka,  Y  .  and  DeLuca,  H.  F.  (1979)  Science.  206, 
1188-1190. 

70.  Sutton,  R.  A.  L.  and  Dirks,  J.  H.  (1978)  Fed.  Proc..  37,  2112-2119. 

71.  Tanaka.  Y.  and  DeLuca,  H.  F.  (1973)  Arch.  Biochem.  Biopltys..  154,  566-574. 

72.  Tanaka,  Y..  DeLuca,  H.  F..  Omdahl,  J..  and  Holick,  M.  F.  (1971)  Proc.  Natl.  Acad.  Sci. 
USA.  68,  1286-1288. 

73.  Taylor,  A.  N.  (1983)7.  Histochem.  Cytochem.,  31,  426-429. 

74.  Tsai.  FI.  C\.  Midgett.  R.  J.,  and  Norman.  A.  W.  (1973)  Arch.  Biochem.  Biopltys..  157, 
339-347. 

75.  Underwood,  J..  Weinstein,  R.,  and  DeLuca.  H.  F.  (1983)  Abstract,  American  Society  for 
Bone  and  Mineral  Research.  June  5-7,  San  Antonio.  Texas. 

76.  Walling.  M.  W.  and  Rothman,  S.  S.  (1969)  Aw.  7.  Physiol.,  217,  1144-1148. 

77.  Walters,  M.  R..  Hunziker.  W.,  and  Norman,  A.  W.  ( 1980)7.  Biol.  Client.,  255,  6799-6805. 

78.  Wasserman,  R.  H.  and  Feher.  J.  J.  (1977)  in  Wasserman,  R.  H..  Corradino.  R.  A.. 
Carafoli.  F..,  Kretsinger,  R.  H.,  MacLennan,  D.  H.,  and  Siegel,  S.  1...  Eds.,  Calcium 
Binding  Proteins  and  Calcium  Function.  Elsevier.  New  York.  pp.  292-302. 

79.  Wasserman.  R.  H.,  Kallfelz,  F.  A.,  and  Comar.  C.  L.  (1961)  Science.  133,  883-884. 

80.  Wasserman,  R.  H.  and  Taylor.  A.  N.  (1966)  Science,  152,  791-793. 

81.  Wasserman,  R.  H.  and  Taylor,  A.  N.  (1973)7.  Nutr.,  103,  586-599. 

82.  Wecksler,  W.  R.  and  Norman.  A.  W.  (1980)7.  Biol.  Chem.,  255,  3571-3574. 

83.  Wilson,  T.  H.  and  Wiseman.  G.  (1954)7.  Physiol..  123,  116-125. 

84.  Zile.  M.,  Bunge,  E.  C..  Barsness,  L..  Yamada.  S.,  Schnoes,  H.  K.,  and  DeLuca.  H.  F\ 
(1978)  Arch.  Biochem.  Biopltys.,  186,  15-24. 


PART  3 


MEMBRANE 
TRANSPORT  DURING 
DIFFERENTIATION 


179 


CHAPTER  11 


COORDINATED  CHANGES  IN 
POTASSIUM  FLUXES  AS 
EARLY  EVENTS  IN  THE 
DIFFERENTIATION  OF  THE 
HUMAN  PROMYELOCYTE  LINE 
HL-60 

J.  J.  GARGUS 

Departments  of  Physiology  and  Pediatrics 
Emor  y  University  School  of  Medicine 
Atlanta,  Georgia 


E.  A.  ADELBERG 
C.  W.  SLAYMAN 

Departments  of  Human  Genetics  and  Physiology 
Yale  University  School  of  Medicine 
New  Haven,  Connecticut 


I 


180  K*  FLUXES  IN  PROMYELOCYTE  DIFFERENTIATION 

As  presented  in  earlier  chapters,  there  is  increasingly  compelling  evidence 
for  the  importance  of  rapid  changes  in  cation  transport  at  the  transition  from 
G0  to  S  phase  of  the  cell  cycle  (24,  35,  36).  It  has  long  been  suspected  that 
mutually  exclusive  choices  open  to  a  G«  cell  are  to  reenter  the  cell  cycle, 
replicate  its  DNA  and  divide,  or  to  proceed  out  of  G0  along  a  path  of  increas¬ 
ing  differentiation  with  restricted  growth  potential  and  the  development  of 
specialized  functions.  It  has  therefore  seemed  resonable  to  ask  whether 
changes  in  cation  flux  corresponding  to  those  seen  in  the  transition  from  G„ 
to  S  phase  occur  at  the  transition  from  G0  to  differentiation.  To  examine 
such  a  question  one  needs  a  system  that  faithfully  reproduces  the  paradigm 
of  differentiation.  The  model  used  very  fruitfully  by  many  investigators  has 
been  the  Friend  erythroleukemia  cell,  a  virus-transformed  mouse  cell  line 
that  differentiates  towards  a  red  blood  cell  after  exposure  to  dimethyl  sulfox¬ 
ide  (DMSO)  or  any  one  of  a  number  of  other  compounds  (11,  28,  32). 

There  are,  however,  two  serious  criticisms  that  have  been  leveled  against 
this  cell  as  a  model  of  differentiation.  First,  it  fails  to  respond  to  the  sub¬ 
stance  that  controls  differentiation  in  vivo,  erythropoietin.  Second,  the 
Friend  cell  represents  a  precursor  at  an  unknown  stage  of  maturation,  per¬ 
haps  one  already  beyond  the  physiologically  relevant  step  of  commitment  to 
differentiate,  such  that  some  more  trivial  process  is  being  followed  after 
DMSO  induction  (28,  32). 


1.  THE  HL-60  MODEL 

A  newer  model  system  without  these  difficulties  and  with  several  advantages 
is  the  human  HL-60  leukemic  cell  line.  The  cell  was  isolated  by  Gallo  and  co¬ 
workers  from  a  patient  with  promyelocytic  leukemia  (5,  13),  and  its  charac¬ 
teristics  are  those  of  a  promyelocyte,  a  step  in  the  normal  path  of  granulopoi¬ 
esis  (Fig.  ILIA). 

HL-60  responds  to  colony  stimulating  factor  (CSF),  which  is  probably  the 
in  vivo  granulopoietin,  the  hormone  that  stimulates  proliferation  and  matura¬ 
tion  of  granulocyte  precursors  (21).  Fortunately  it  does  not  have  an  absolute 
requirement  for  CSF,  however,  making  culture  far  easier  and  cheaper.  The 
HL-60  cell  is  human  in  origin,  meaning  to  the  clinician  that  it  is  a  model  of 
disease,  and,  even  more  important  to  the  physiologist,  that  its  sodium  pump 
is  highly  ouabain-sensitive,  which  is  a  great  help  if  transport  systems  are  to 
be  defined.  Finally,  like  the  normal  promyelocyte,  HL-60  can  be  directed  to 
differentiate  selectively  down  either  of  two  paths,  to  neutrophils  or  to  mac¬ 
rophages.  It,  therefore,  cannot  be  already  committed:  some  physiologically 
relevant  switch  is  being  thrown.  This  behavior  is  just  like  that  of  the  normal 
promyelocyte  which  gives  rise  to  neutrophils  and  macrophages.  DMSO  is 
the  prototype  inducer  of  differentiation  toward  the  neutrophil  in  HL-60  (6); 
phorbol  tumor  promoters  stimulate  its  differentiation  toward  the  macro¬ 
phage  (18,  37)  (Fig.  I  LIB;  Table  11.1). 
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Macrophage 


Figure  11.1.  (/I)  Stages  in  myeloid  maturation.  ( B )  Pathways  for  HL-60  differentiation. 


TABLE  1 1. 1.  INDUCERS  OF  HL-60  DIFFERENTIATION 


Pathway 

Inducer 

Concentration 

Reference 

Granulocyte 

DMSO 

1.2-1. 5% 

6 

Dimethylformamide 

60  m  M 

6 

Butyric  acid 

0.6  mM 

6 

Retinoic  acid 

1  mM 

4 

Hypoxanthine 

5  mM 

4 

Thymidine 

2  mM 

43 

Actinomycin  D 

5  ng/ml 

4 

i.-ethionine 

2  mM 

30 

Macrophage 

TPA 

<  1  nM 

18,  37,  38 

Phorbol- 12,1 3-didecanoate 

1.6  nM 

18,  37 

Phorbol- 12,1 3-dibenzoate 

10  nM 

37 

Mezerein 

10  nM 

37 

Phorbol- 12,1 3-dibutyrate 

10  nM 

9,  18 

Phorbol- 12,1 3-diacetate 

100-1000  nM 

18,  37 
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2.  INDUCED  \EUTROPHIL  DIFFERENTIATION 

Following  exposure  of  HL-60  cells  to  DMSO  at  a  concentration  between  1.2 
and  1.5%  (v/v),  the  cells  commence  a  series  of  pervasive  changes  in  struc¬ 
ture  and  function.  A  now  quite  extensive  list  of  “neutrophil  markers”  have 
been  found  to  appear,  generally  2-5  days  following  initial  exposure  (Table 
1 1 .2).  The  cells  look  and  behave  like  neutrophils,  showing  their  characteris¬ 
tic  morphology  (6)  and  carrying  out  the  functions  of  migration,  chemotaxis, 
phagocytosis,  and  bacterial  killing  (6.  7.  31,  43).  New  proteins  are  synthe¬ 
sized.  some  identified  functionally,  such  as  the  complement  (7,  41,  42)  and 
IgG  receptors  (34,  41, 42),  and  others  by  their  new  characteristic  size  on  gels 
(12).  There  are  also  changes  in  metabolic  pathways  including  increased  ac¬ 
tivity  of  the  hexose  monophosphate  shunt  (31 , 33),  arachadonic  acid  metabo- 


TABLE  11.2.  NEUTROPHIL  CHARACTERISTICS  OF  INDUCED 
HL-60  CELLS 


Reference 

Morphology 

6 

Decreased  cell  volume 

This  paper 

Loss  of  growth  potential 

6.  8.  10,  43 

Migration  and  chemotaxis 

7 

Phagocytosis 

6.  7,  31.  43 

Oxidative  metabolism 

7.  31.  33,  43 

Degranulation 

31 

Bacterial  killing 

31 

Decreased  myeloperoxidase  activity 

6,  33,  45 

Increased  arachadonic  acid  synthesis 

3 

Increased  phopholipase  and  fatty  acid  cyclo-oxygenase 

3 

Increased  hexose  monophosphate  shunt  activity 

Increased  polyamine  synthesis  and  ornithine  decarboxylase 

3 1 .  33 

activity 

19.  25 

Increased  cytochrome  b 

33 

Increased  acid  phosphatase 

44 

Complement  receptor 

7.  41.  42 

IgG  receptor 

34.  41. 42 

Decreased  synthesis  of  cholesterol  and  phospholipid 

8 

Hydrophobic  cell  surface 

41. 42 

Decreased  membrane  fluidity 

20 

New  membrane  glycoproteins 

12 

Decreased  sodium  pump  activity 

This  paper 

Decreased  passive  K '  permeability 

This  paper 
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lism  (3),  and  polyamine  metabolism  (19,  25),  as  well  as  increases  in  the 
activity  of  such  enzymes  as  acid  phosphatase  (44)  and  cytochrome  b  (33). 
Myeloperoxidase  decreases  in  activity  (33,  45),  perhaps  by  a  change  in  iso¬ 
zyme  (45).  It  has  yet  to  be  demonstrated  that  gene  expression  is  being  altered 
during  any  of  these  changes,  which  could  all  conceivably  be  at  the  post- 
translational  level. 

3.  INDUCED  MACROPHAGE  DIFFERENTIATION 

Following  exposure  of  HL-60  to  12-O-tetradecanoyl-phorbol- 13-acetate 
(TPA)  or  a  number  of  other  phorbol  esters,  all  at  submicromolar  concentra¬ 
tions,  the  cells  rapidly  and  progressively  take  on  the  characteristics  of  a 
macrophage  (Table  1 1.3).  In  a  matter  of  hours,  the  cells  begin  to  attach  and 
undergo  nuclear  condensation  (9,  18,  37,  38);  DNA  synthesis  and  cell  divi¬ 
sion  halt  after  I  day  of  exposure  (18,  37).  Over  the  next  few  days  macro¬ 
phage  marker  enzymes,  such  as  NADase,  acid  phosphatase,  and  nonspecific 
esterase  increase  in  activity  (9,  38)  while  macrophage  functions,  such  as 
latex  phagocytosis  and  lysozyme  release,  develop  (38).  We  do  not  consider 
this  path  of  differentiation  any  further  in  this  chapter. 

4.  THE  UNINDUCED  CELL 

HL-60  is  an  immortal  cell  line  which  has  been  carried  in  culture  for  more 
than  six  years.  Its  doubling  time  when  grown  in  aMEM  medium  (40)  with 
10%  fetal  bovine  serum  at  37°C  in  a  5%  CO?  atmosphere  is  25  h.  It  is  a  large, 
irregularly  spherical  cell  with  a  mean  volume  of  925  /im1 .  It  has  a  large 
reticular  nucleus,  multiple  nucleoli,  and  a  thin  rim  of  cytoplasm  (Fig.  1 1.2a). 
It  has  a  high  intracellular  K+  concentration  (145  ±  25  mmol/I  ■  cells)  and  a 
low  intracellular  Na  +  concentration  (30  ±  16  mmol/l  •  cells). 


TABLE  11.3.  MACROPHAGE 

CHARACTERISTICS  OF  INDUCED  HL-60  CELLS 

Reference 

Morphology 

18.  37 

Attachment 

18.  37 

Loss  of  growth  potential 

18.  37 

Phagocytosis  of  latex  beads 

38 

Lysozyme  release 

38 

Increased  activity  of  NADase 

38 

Increased  activity  of  acid  phosphatase 

38 

Increased  activity  of  nonspecific  esterase 

9,  38 

*.  y  'Oftr/*****'  ** 
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OUABAIN  CONCENTRATION  (M) 

Figure  11.3.  Inhibition  of  unidirectional  4!Kf  influx  by  ouabain.  The  initial  rate  of  42K*  uptake 
was  determined  at  20  mM  K+  in  the  presence  of  0  to  10“ 5  M  ouabain  in  cells  that  had  been  grown 
in  the  presence  of  1.5%  DMSO  for  6  days  (A)  and  cells  never  exposed  DMSO  (•). 

In  both  affinity  for  extracellular  K+  and  ouabain,  the  ouabain-sensitive 
component  is  similar  to  that  reported  in  a  variety  of  human  cells  and  identi¬ 
fied  with  the  activity  of  the  Na+,K+-ATPase  (1,  16,  23,  27).  The  linear 
ouabain-resistant  component  is  consistent  with  a  diffusional  pathway. 


TABLE  11.4.  PROPERTIES  OF  K'  TRANSPORT  SYSTEMS  IN  HL-60" 


Uninduced  Cells 

Six-Day  Induced  Cells 

Vmax  °f  ouabain-sensitive 

component 

(/nmol  K'/IO9  cells  per  minute) 

0.95  ±  0.07 

0.09  ±  0.01 

K.  1/2  of  ouabain-sensitive 
component  for  extracellular 

K'  (mM) 

0.85  ±  0.16 

1.18  ±  0.41 

Diffusional  rate  constant  (D) 

(/xmol  K'/IO9  cells  per  minute 
per  mM) 

0.003  ±  0.001 

0.000  ±  .001 

Efflux  rate  constant  (per  minute) 

-0.0127 

-0.0033 

Calculated  efflux 
(/xmol  K'/IO9  cells  per  minute) 

1.70 

0.30 

"  Influx  experiments  were  performed  at  20°C  and  efflux  experiments  at  37°C. 
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6.  K+  EFFLUX 

For  K+  efflux  studies  cells  were  harvested  from  growth  medium,  blotted  dry, 
and  then  resuspended  in  prewarmed  K+-free  growth  medium  (K+  <  0.01 
mA/).  At  intervals,  aliquots  were  removed,  centrifuged,  briefly  resuspended 
in  isotonic  choline  chloride,  and  immediately  washed  free  of  extracellular 
fluid  as  described  for  influx  studies.  Intracellular  cation  contents  were  then 
determined  by  atomic  absorption  or  emission  spectroscopy. 

K+  efflux  followed  single-exponential  kinetics  (Fig.  11.4),  the  half-time 
for  K+  loss  being  55  min.  As  in  influx  studies,  furosemide  had  no  detectable 
effect. 


7.  DMSO  INDUCTION 

The  cells  respond  to  DMSO  in  a  highly  dose-dependent  fashion,  1%  (v/v) 
producing  essentially  no  effect,  2%  being  rapidly  lethal.  1.5%  DMSO  has 
proved  to  be  optimal  for  induction  of  our  line  of  HL-60.  After  the  addition  of 
DMSO,  the  cells  slowly  begin  to  take  on  the  characteristics  of  mature  granu¬ 
locytes.  They  undergo  two  rounds  of  cell  division  at  an  unaltered  rate  and 


Figure  11.4.  Semilogarithmic  plot  of  K+  efflux  from  HL-60  cells  after  0  and  6  days  induction 
with  1.596  DMSO.  Efflux  was  at  37°C  into  K+-free  buffer.  Data  points  represent  the  mean  of 
four  experiments  for  the  induced  cells,  eight  experiments  for  the  controls.  Lines  represent  a 
least  squares  fit  to  the  points.  Correlation  coefficient  was  0.99  for  control,  0.89  for  induced.  The 
mean  initial  K+  content  in  these  experiments  was  0.128  ±  0.039  mmol/109  cells  for  the  unin¬ 
duced  cells  (•),  and  0.091  ±  0.025  mmol/109  cells  for  the  induced  cells  (A).  Rates  are  presented 
in  Table  11.4. 
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then  halt  further  division  without  any  impairment  in  viability.  Cell  volume  is 
unaltered  at  24  h  induction,  but  the  cells  shrink  over  the  second  and  third  day 
to  a  volume  of  500  /ttm3.  By  the  third  day,  morphological  features  of  the 
granulocyte  begin  to  appear,  and  by  the  sixth  day  expression  is  maximal. 
The  cytoplasm  of  this  small  cell  is  now  packed  with  specifically  staining 
lysosomal  granules;  the  nucleus  is  small,  dense,  and  lobulated;  and  nucleoli 
are  absent  (Fig.  11. 2B).  Fully  mature  segmented  polymorphonuclear  cells, 
however,  are  only  rarely  produced.  Throughout  this  process  of  differentia¬ 
tion,  in  the  face  of  massive  volume  shifts,  the  cells  maintain  a  high  intracellu¬ 
lar  K+  concentration  and  a  low  intracellular  Na+  concentration,  similar  to 
the  concentrations  in  the  uninduced  cell  (Table  11.5). 


8.  K+  TRANSPORT  PROPERTIES  OF  THE  MATURE 
HL-60  CELL 

Because  of  the  striking  homeostasis  found  in  intracellular  cation  concentra¬ 
tions,  changes  in  individual  transport  systems  were  investigated  further. 
Potassium  transport  was  found  to  be  dramatically  reduced  in  the  6-day  in- 


Figure  11.5.  Changes  in  K*  flux  following  the  addition  of  DMSO  to  a  culture  of  HL-60  cells. 
(A)  The  initial  steady-state  ouabain-sensitive  K*  influx  at  10  m M  K$  (A)  and  the  initial  rate  of 
unidirectional  K*  efflux  (•),  both  at  37°C,  are  given  for  cells  exposed  to  DMSO  for  0  to  144  h. 
Rates  are  expressed  as  percent  of  the  uninduced  control  and  are  plotted  on  a  semilogarithmic 
scale.  Influx  data  were  derived  from  two  independent  sets  of  experiments,  each  covering  all 
time  points,  and  means  were  plotted.  Efflux  data  were  derived  from  eight  independent  sets  of 
experiments,  each  covering  the  range  of  time  points,  and  means  were  plotted.  ( B )  Data  from  (A) 
have  been  replotted  as  percent  of  control  flux  minus  percent  of  control  flux  at  time  infinity.  A 
regression  line  fitted  to  the  points  (correlation  coefficient  -  .95)  had  a  slope  of  -0.047  h.  given  a 
/ 1/2  of  14  h. 
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TABLE  11.5.  INTRACELLULAR  CATION 
CONCENTRATIONS  OF  HL-60  DURING 
DMSO-INDUCED  DIFFERENTIATION 


Uninduced  Cells" 

Induced  Cells'1 

Potassium 

145  ±  25 

154  ±  27 

(mmol/lcells) 

Sodium 

30  ±  16 

38  ±  8 

(mmol/lcells) 

“  Uninduced  cell  values,  mean  ±  I  S.D.,  pooled  from  II  experi¬ 
ments. 

b  Induced  cell  values,  mean  ±  S.D.,  pooled  from  37  cultures  in  11 
experiments,  each  induced  from  0.5  to  6  days. 


duced  HL-60  cell  compared  to  the  uninduced  control.  The  Vmax  of  the  oua¬ 
bain-sensitive  component  of  influx  was  one-ninth  that  of  the  control  without 
any  change  in  ouabain  sensitivity  or  K+  affinity  (Fig.  II. 3,  Table  1 1.4).  The 
rate  constant  for  K+  efflux  was  one-fourth  that  of  the  uninduced  cell  (Fig. 
11.4),  corresponding  to  a  sixfold  reduction  in  K+  efflux  (Table  1 1.4).  These 
rates  are  quite  comparable  to  those  measured  in  peripheral  blood  neutrophils 
by  Simchowitz  et  al.  (39).  Therefore  another  marker  of  maturing  neutrophil 
function  in  HL-60  cells  following  DMSO  induction  is  the  development  of  a 
membrane  with  K+  transport  characteristics  similar  to  those  of  the  normal, 
mature  neutrophil. 


9.  CHANGES  IN  K+  TRANSPORT  FOLLOWING 
INDUCTION  OF  HL-60 

Immediately  following  the  addition  of  DMSO  to  a  culture  of  HL-60  cells, 
transmembrane  K+  fluxes  begin  to  decrease  exponentially  in  a  coordinated 
fashion.  In  the  results  presented  in  Fig.  11.5,  the  Ymax  of  the  ouabain-sensi¬ 
tive  system  and  of  K+  efflux  fell  together  with  a  half-time  of  14  h.  These 
changes  are  among  the  most  rapid  occurring  after  DMSO  addition. 


10.  SPECIFICITY  OF  K+  TRANSPORT  CHANGES 

DMSO,  however,  does  not  alter  K+  transport  in  all  cells.  LMTK“,  a  mouse 
fibroblast  line  with  well  characterized  K+  transport  activities  (14,  15,  22) 
does  not  undergo  differentiation  following  DMSO  exposure  and  does  not 
show  a  reduction  in  transmembrane  K+  flux  (Table  1 1 .6).  Another  indication 
of  specificity  is  that  all  membrane  transport  systems  of  HL-60  cells  do  not 
change  in  concert  after  induction.  Glucose  and  Na+-independent  o-ami- 
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TABLE  11.6.  EFFECTS  OF  DMSO  ON  K'  TRANSPORT 
IN  HL-60  AND  LMTK 


Three-Day  Induced 
Cells0 

HL-60  LMTK’ 

Rate  constant  for  K’  efflux 
(%  uninduced  control) 

21% 

117% 

Rate  of  ouabain-sensitive  K 1  influx 
(%  uninduced  control) 

41% 

127% 

“  Cells  were  grown  in  the  presence  of  1.5%  (v/v)  DMSO  for  3  days. 
Efflux  measurements  were  performed  as  described  in  the  text.  The 
initial  rate  of  influx  was  determined  at  I  mM  K*.  10  '  M  ouabain  was 
used  to  inhibit  LMTK  ;  10  *  M  for  HL-60.  Results  are  pooled  for  two 
representative  experiments. 


noisobutyric  acid  (AIB)  transport  remain  unchanged  after  DMSO  exposure, 
although  Na+-dependent  AIB  uptake  falls  (R.  W.  Mercer,  personal  commun¬ 
ication).  The  change  in  Na+-dependent  AIB  transport  may  be  independent 
or  may  be  a  consequence  of  changes  in  cation  transport  (17,  26). 


11.  MECHANISM  OF  K+  TRANSPORT  CHANGES 

Perhaps  the  most  surprising  finding  in  this  study  is  the  absence  of  a  change  in 
intracellular  cation  concentrations  following  DMSO  induction,  in  spite  of 
marked  changes  in  unidirectional  ion  transport  rates  and  net  water  move¬ 
ment.  This  implies  pump-leak  communication  of  some  form  more  complex 
than  substrate  inhibition  or  activation.  Further,  it  is  highly  unlikely  that  a 
nonspecific  change  in  the  state  of  the  membrane  could  quantitatively  alter 
transport  through  two  such  diverse  systems  as  the  Na+/K+  pump  and  the 
passive  membrane  leak  to  the  same  degree  by  chance  alone.  The  simplest 
hypothesis  is  that  one  system  is  altered  primarily  by  the  inducer,  the  other 
adjusting  to  maintain  homeostasis.  A  consequence  of  the  detected  constancy 
of  the  intracellular  cation  milieu  is  that,  if  a  change  in  K+  metabolism  serves 
as  a  signal  for  differentiation,  it  cannot  do  so  by  means  of  the  steady-state 
chemical  concentration  of  potassium. 


12.  DISCUSSION 

The  rapid  decrease  in  K+  fluxes  following  DMSO  addition  to  HL-60  cells 
suggests  that  they  may  play  a  causative  role  in  the  sequence  of  further 
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events  leading  to  granulocytic  differentiation.  For  one  event  (e.g..  A)  to  be 
considered  causative  of  another  (e.g.,  B),  the  following  relationships  should 
be  demonstrated:  (I)  event  A  always  precedes  event  B;  (2)  events  A  and  B 
are  obligatorily  linked:  induction  of  A  always  leads  to  B,  and  blockage  of  A 
prevents  B.  The  failure  to  observe  any  one  of  these  relationships  indicates 
that  event  A  does  not  cause  event  B;  observing  them,  however,  does  not 
prove  a  causative  role,  since  events  A  and  B  may  be  independent  conse¬ 
quences  of  a  third  and  unknown  event. 

Several  attempts  have  been  made  in  the  past  to  demonstrate  causative 
roles  for  events  that  occur  during  HL-60  differentiation.  Three  of  these 
(increased  arachadonic  acid  and  polyamine  metabolism  and  decreasd  mem¬ 
brane  fluidity)  fail  the  test  of  prior  occurrence  and  obligate  covariance  (3,8, 
19,  20,  25).  In  Friend  erythroleukemia  cells,  however,  a  decrease  in  Na  +  ,K+- 
ATPase  activity  fulfills  both  criteria  listed  and  is  thus  a  strong  candidate  for  a 
causative  event  in  differentiation  (2,  26). 

In  HL-60  the  rapid  decreases  in  K+  fluxes  (ouabain-sensitive  influx,  pre¬ 
sumably  reflecting  Na+,K+-ATPase  activity,  and  K+  efflux)  fulfill  the  crite¬ 
rion  of  prior  occurrence  relative  to  other  differentiation  events.  It  has  not  yet 
been  possible  to  investigate  obligatory  coupling,  however,  since  ouabain 
(which  induces  differentiation  in  Friend  cells)  kills  HL-60  cells  at  extremely 
low  concentrations  (10~7  to  10“6  M).  Even  in  Friend  cells,  the  successful 
induction  of  differentiation  by  ouabain  has  generally  required  the  use  of 
ouabain-resistant  mutants  (2,  26).  We  have  recently  isolated  ouabain-resis¬ 
tant  HL-60  cells  and  will  use  them  in  further  attempts  to  induce  granulocytic 
differentiation  with  sublethal  doses  of  ouabain.  Until  such  experiments  are 
done,  a  causative  role  of  K+  flux  changes  in  HL-60  differentiation  must  be 
considered  an  interesting  possibility. 
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Recent  research  from  several  laboratories  has  suggested  that  changes  in  ion 
fluxes  across  the  plasma  membrane  may  act  as  signals  for  differentiation  and 
growth  regulation  (3,  4,  9,  12,  14,  32).  A  variety  of  mitogens  have  been 
shown  to  stimulate  rapid  changes  in  transmembrane  Na\  H  +  ,  Ca2  +  ,  and  K* 
fluxes  in  a  number  of  cultured  cell  lines.  The  mechanisms  by  which  these 
fluxes  are  stimulated  are  somewhat  unclear  and  may  differ  from  system  to 
system.  For  example,  quiescent  3T3  fibroblasts  exposed  to  a  variety  of 
growth  factors  show  an  increase  in  |Na+],  as  a  result  of  activation  of  a 
membrane  electroneutral  NaVH+  exchange  system.*  The  rise  in  (Na+]j  stim¬ 
ulates  the  Na\K*-ATPase  as  indicated  by  an  increase  in  the  ouabain-sensi¬ 
tive  ^Rb*  uptake.  This  Na+/H+  exchange  is  sensitive  to  the  diuretic  amil- 
oride  which  can  block  3T3  proliferation  when  present  in  micro-to-millimolar 
concentrations  (32,  34).  This  amiloride-sensitive  transport  system  has  also 
been  implicated  in  the  growth-factor-stimulated  proliferation  of  mouse  so- 
leus  muscle  (1),  frog  muscle  (25),  dog  kidney  cells  (29),  neuroblastoma  cells 
(6,  24),  Chinese  hamster  fibroblasts  (28),  human  fibroblasts  (22,  31),  and 
probably  rat  hepatocytes  (16).  In  none  of  these  systems  however,  has  it  been 
possible  to  show  that  activation  of  Na+/H+  exchange  is  sufficient  to  enhance 
proliferation  or  induce  differentiation. 

A  limited  number  of  transformed  cell  lines  are  capable  of  undergoing 
differentiation  in  culture.  These  cell  lines  provide  an  opportunity  for  investi¬ 
gating  the  role  of  cation  fluxes  not  only  in  growth  regulation  but  also  in 
signaling  terminal  differentiation.  In  some  cell  culture  systems,  ionophores 
that  transport  Na+,  H  +  ,  or  Ca2  +  ions  can  themselves  accelerate  the  differen¬ 
tiation  process  (18).  However,  with  the  exception  of  certain  oocytes  in 
which  Ca2  +  ionophores  alone  can  induce  maturation,  it  has  not  been  conclu¬ 
sively  demonstrated  that  changes  in  cation  fluxes  alone  are  sufficient  to 
signal  differentiation. 

We  have  been  investigating  the  role  of  transmembrane  cation  fluxes  in 
two  established  cell  lines  capable  of  being  stimulated  to  undergo  differentia¬ 
tion  in  culture:  Friend  virus-transformed  murine  erythroleukemia  cells 
(MEL  cells)  and  the  chemically  transformed  pre-B  lymphocyte  cell  line 
70Z/3.  In  this  paper  we  summarize  prior  studies  using  these  cells  and  present 
more  recently  obtained  data. 


1.  FRIEND  ERYTHROLEUKEMIA  CELLS 

Friend  murine  erythroleukemia  cells  (MEL)  were  initially  isolated  from  the 
spleens  of  mice  infected  with  Friend  virus,  a  defective  RNA  tumor  virus. 
These  cells  grow  continuously  in  suspension  culture.  Upon  exposure  to 

*  Abbreviations  used:  l.PS.  lipopolysaccharide;  DMSO,  dimethyl  sulfoxide;  EGTA.  ethylene 
glycol  bistfj-aminoethyl  etherl-N.N.N'.N’-tetraacetic  acid:  |Na* ),.  intracellular  Na*  concentra¬ 
tion;  MEL,  murine  erythroleukemia  cells:  FCCP.  carbonyl  cyanine,  /?-trifluoromethoxyphenyl 
hydrazone. 
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dimethyl  sulfoxide  (DMSO)  or  a  variety  of  other  agent  s,  these  cells  undergo 
terminal  erythroid  differentiation  with  loss  of  cell  nuclei  and  production  of 
hemoglobin  (39).  Mager  and  Bernstein  previously  demonstrated  that  agents 
that  induce  differentiation  in  MEL  cells  inhibit  the  activity  of  the  plasma 
membrane  Na*,K'-ATPase  thus  leading  to  a  decrease  in  K*  uptake  (21). 
Indeed,  ouabain,  a  specific  inhibitor  of  this  transport  mechanism,  was  able  to 
induce  terminal  erythropoiesis  in  a  MEL  cell  line  selected  for  partial  ouabain 
resistance  (3).  These  early  observations  implied  an  important  role  for  the 
Na*/K*  pump  in  differentiation  of  MEL  cells. 

Recently,  we  have  observed  changes  in  both  Ca2  f  flux  ( 18)  and  mitochon¬ 
drial  membrane  potential  accompanying  DMSO  induction  (19).  We  have 
suggested  that  all  of  these  effects  may  be  secondary  to  the  initial  decrease  in 
Na*/K*  pump  activity.  Several  observations  support  this  conclusion:  (I) 
treatment  of  MEL  cells  with  ouabain  to  inhibit  the  Na+,K*-ATPase  raises 
cellular  Na+  levels  and  enhances  45Ca2+  influx  into  the  cells  (36);  (2)  ami- 
loride,  an  inhibitor  of  Na  +  -H  *  and  Na*-Ca2  +  exchange  prevents  the  DMSO- 
stimulated  Ca2*  influx;  and  (3)  the  DMSO-induced  decrease  in  cyanine  dye 
uptake  by  mitochondria  can  be  blocked  by  amiloride  or  EGTA  (19).  The 
decrease  in  dye  uptake  appears  to  result  from  the  increased  Ca2"  flux,  which 
in  turn  is  secondary  to  the  inhibition  of  the  Na*/K*  pump.  These  data 
suggest  very  strongly  that  the  initial  sequence  of  events  in  DMSO-induced 
MEL  cell  differentiation  includes  alterations  in  the  flux  rates  of  both  Na* 
and  Ca2*  -  These  data  do  not  rule  out  the  possibility,  however,  that  DMSO 
could  be  affecting  other  cation  transport  systems  by  mechanisms  separate 
from  the  effect  on  the  Na*  ,K'-ATPase.  The  Ca2+  flux  changes  induced  by 
DMSO  appear  to  be  essential  for  differentiation.  EGTA  blocks  DMSO  in¬ 
duction  at  chelator  concentrations  that  still  permit  cell  growth  (4).  Amiloride 
also  blocks  differentiation  at  concentrations  that  inhibit  the  DMSO-stimu- 
lated  Ca2*  influx  (18). 

Studies  with  specific  ionophores  further  suggest  that  cation  flux  changes 
are  important  signals  for  differentiation  in  MEL  cells.  To  date,  we  have  beer, 
unable  to  induce  terminal  erythropoiesis  in  MEL  cells  with  ionophores 
alone.  However,  commitment  can  be  accelerated  when  these  agents  are  used 
along  with  DMSO  (4).  The  kinetics  of  MEL  cell  commitment  have  been  well 
studied  by  Levenson  and  Housman  (17).  A  lag  period  of  approximately  12  h 
occurs  between  addition  of  the  inducing  agent  and  the  appearance  of  signifi¬ 
cant  percentages  of  cells  capable  of  erythropoiesis  independent  of  the  in¬ 
ducer.  Commitment  occurs  in  a  stochastic  manner  after  the  lag  period.  The 
12-h  lag  may  be  eliminated  by  addition  of  the  Ca24  ionophore  A23I87  1  h 
prior  to  adding  DMSO  (4);  this  drug  alone  does  not  produce  commitment  and 
proves  toxic  with  prolonged  treatment.  This  result  suggested  that  a  change 
in  Ca2*  flux  was  a  rate-limiting  step  in  MEL  cell  commitment.  However, 
while  this  Ca2*  influx  may  be  essential  for  commitment  to  occur,  it  is  insuffi¬ 
cient  by  itself  to  induce  differentiation.  Table  12. 1  summarizes  these  results. 

Na*  ionophores  also  affect  the  lag  time:  ouabain  and  the  carboxylic  Na*/ 
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TABLE  12.1.  EFFECTS  OF  VARIOUS  AGENTS  ON  KINETICS 
OF  FRIEND  CELL  COMMITMENT  TO  ERYTHROPOIESIS 


Drug" 

Percent  Cells 
Committed'’ 

18  h  50  h 

Reference 

Control 

<5 

<5 

4,  18,  19.  36 

DMSO 

<5 

60 

18 

A23I87  ( 1  h) 

<5 

<5 

4 

FCCP  ( 1  h) 

<5 

<5 

19 

Monensin  (4  h) 

<5 

<5 

36 

Ouabain  (4  h) 

<5 

<5 

36 

Ouabain  +  monensin  (4  h) 

<5 

<5 

36 

DMSO  +  A23I87  (I  h) 

20 

60-65 

4,  19 

DMSO  +  FCCP  ( 1  h) 

18 

60-65 

19 

DMSO  +  monensin  (4  h) 

9 

60 

36 

DMSO  +  ouabain  (4  h) 

8 

59 

36 

DMSO  +  ouabain  (4  h) 

+  monensin  (4  h) 

24 

70 

36 

Butyric  acid 

7 

41 

20 

Butyric  acid  +  A23I87  (1  h) 

20 

60 

20 

Butyric  acid  +  FCCP  (I  h) 

18 

~55 

20 

Hypoxanthine 

5 

45 

20 

Hypoxanthine  +  A23187  (1  h) 

20 

65 

20 

Hypoxanthine  +  FCCPO  h) 

21 

55 

20 

"  All  drugs  were  present  for  the  full  18-  or  50-h  incubation  period  unless  otherwise 
indicated  in  parentheses.  Drug  concentrations  were  DMSO,  1.5%  ( v/v);  A23I87 
1  /ig/ml;  FCCP.  10  /ug/ml:  ouabain  150  fiM:  monensin  5  /u.g/ml;  butyric  acid.  1 
mM;  hypoxanthine.  0.5  mg/ml. 

*  Commitment  to  terminal  erythropoiesis  was  assayed  by  the  plasma  clot  assay  as 
described  by  Levenson  and  Housman  (17). 


H'  ionophore  monensin  together  will  eliminate  the  lag  when  added  prior  to 
DMSO.  These  results  would  be  expected  in  light  of  the  data  that  demon¬ 
strated  that  both  of  these  drugs  enhance  Na+  and  Ca3+  influx  into  MEL  cells 
(36).  Interestingly,  the  time  required  for  inducer  to  reduce  the  activity  of  the 
Naf/K  *  pump  (measured  by  ouabain-sensitive  X6Rb+  uptake)  is  approxi¬ 
mately  equal  to  the  lag  time  of  12  h.  Thus  the  data  are  consistent  with  our 
hypothesis  that  the  rate-limiting  event  in  commitment  is  a  decrease  in  the 
activity  of  the  NaLKT-ATPase.  The  subsequent  increase  in  cellular  Na+  in 
turn  leads  to  an  enhanced  Ca3i  flux. 

Finally,  because  an  inhibition  of  the  Na7K  +  pump  appears  to  play  a 
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primary  and  integral  role  in  differentiating  MEL  cells,  we  have  examined  the 
mechanism  by  which  DMSO  acts  on  this  pump.  Yeh,  et  al  (40)  demonstrated 
that  the  100,000-dalton  catalytic  subunit  of  the  Na+/K+  pump  is  phosphory- 
lated  by  a  highly  specific,  membrane-bound  protein  kinase  in  both  purified 
plasma  membranes  and  living  MEL  cells.  At  room  temperature  this  kinase 
catalyzes  the  addition  of  approximately  three  phosphate  molecules  per 
100,000  dalton  peptide  per  10  min  (5).  The  kinase  does  not  appear  to  be 
regulated  by  Ca2+  or  cAMP  and  is  not  inhibited  by  either  heparin  or  EGTA. 
DMSO  treatment  of  MEL  cells  leads  to  a  decrease  in  phosphorylation  of  the 
pump  in  parallel  with  the  inhibition  in  pump  activity.  The  number  of  copies 
of  the  pump  is  unchanged  during  the  first  20  h  after  DMSO  treatment  (41). 
These  data  suggest  that  DMSO  acts  to  change  the  activity  of  the  Na  +  ,K7- 
ATPase  by  altering  its  level  of  phosphorylation. 


2.  70Z/3  CELLS 

Agents  that  stimulate  lymphocyte  proliferation  also  cause  rapid  changes  in 
ion  fluxes.  Using  the  T  lymphocyte  mitogen  concanavalin  A  (con  A),  Aver- 
dunk  showed  an  increase  in  the  plasma  membrane  fluxes  for  Na+,  K  +  ,  Mg2+, 
and  Ca2+  in  mouse  thymocytes  (2).  Con  A  also  increased  the  permeability  of 
the  plasma  membrane  for  Na+  in  human  peripheral  blood  lymphocytes  (7,  8, 
9)  and  pig  mesenteric  lymphocytes  (10,  11,  35).  In  mouse  thymocytes,  con  A 
stimulation  causes  a  hyperpolarization  of  the  plasma  membrane  resting  po¬ 
tential,  which  apparently  results  from  the  activation  of  a  quinine-sensitive, 
Ca2+ -dependent  K+  channel  (10).  This  hyperpolarization  can  be  mimicked 
by  the  Ca2+  ionophore  A23187.  Con  A  also  causes  a  rise  in  cytoplasmic 
Ca2+,  activation  of  a  K*  channel  and  plasma  membrane  hyperpolarization 
when  added  to  pig  nodal  lymphocytes  (II,  13,  23,  38). 

A  major  problem  with  all  of  these  studies  has  been  the  lack  of  use  of 
cloned,  stable,  homogenous  cell  lines.  Most  of  these  investigators  have  uti¬ 
lized  normal,  fresh,  heterogeneous,  fully  differentiated  thymocytes,  nodal 
lymphocytes,  or  peripheral  blood  lymphocytes.  It  has  not  always  been  clear 
what  populations  of  cells  undergo  changes  in  ion  fluxes  and  what  fraction 
was  being  stimulated  to  proliferate,  or  whether  they  were  identical.  In  such 
systems  it  is  difficult  to  prove  that  ion  flux  changes  have  an  essential  role.  In 
addition,  these  studies  have  used  terminally  differentiated  cells  and  thus 
offer  little  insight  into  the  role  of  ion  fluxes  on  the  differentiation  process.  It 
is  important  to  distinguish  between  undifferentiated  and  fully  differentiated 
cells.  The  latter  may  only  be  stimulated  to  proliferate,  whereas  the  former 
have  the  capacity  for  both  growth  and  forward  maturation  to  a  more  differ¬ 
entiated  phenotype. 

70Z/3  is  a  BDF|,  murine  lymphoid  tumor  line  that  has  been  adapted  to 
liquid  tissue  culture.  It  was  originally  isolated  from  the  spleens  of  mice 
treated  with  the  carcinogen  methyl  nitrosourea.  It  has  the  phenotype  of  a 
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pre-B  lymphocyte:  the  immunoglobulin  genes  have  rearranged  and  the 
heavy  chain  of  IgM  is  synthesized  in  its  cytoplasmic  form,  but  light  chain  is 
not  produced  nor  does  IgM  appear  on  the  cell  surface  (27).  When  treated 
with  the  polyclonal  B  cell  mitogen,  lipopolysaccharide  (LPS),  or  superna¬ 
tants  from  mitogen-stimulated,  cloned  T-helper  cell  lines,  light  chain  and 
mature  (surface)  /x  heavy  chain  are  synthesized  and  inserted  into  the  plasma 
membrane  as  IgM  (26,  27).  This  process  apparently  represents  differentia¬ 
tion  to  a  more  mature  B  cell  (15).  DMSO,  butyric  acid,  and  retinoic  acid, 
agents  that  induce  differentiation  in  other  transformed  cells  lines,  have  no 
inducing  effects  on  70Z/3  cells  (26). 

70Z/3  cells  require  continuous  exposure  to  LPS  for  24  h  to  obtain  maxi¬ 
mum  expression  of  surface  IgM.  LPS  treatment  for  less  than  12  h  results  in 
an  insignificant  percentage  of  surface  Ig-positive  cells  when  the  assay  is 
performed  24  h  after  the  initial  addition  of  LPS  (30).  All  of  our  experiments 
were  performed  with  an  LPS  concentration  (E.  coli  LPS;  Sigma)  of  10  /u.g/ml, 
as  this  has  been  shown  to  be  more  than  sufficient  for  maximal  induction  (26); 
raising  the  LPS  concentration  above  10  /ag/ml  had  no  effect  on  the  kinetics  of 
induction.  These  results  are  very  similar  to  those  seen  with  DMSO  treatment 
of  MEL  cells  in  which  there  is  a  12-h  lag  period  after  adding  the  DMSO 
before  significant  number  of  committed  cells  appear. 


3.  INTRACELLULAR  Na+  AND  70Z/3 
DIFFERENTIATION 

As  discussed  previously,  agents  that  raise  intracellular  Na*  levels  also  accel¬ 
erate  commitment  of  MEL  cells  to  terminal  erythropoiesis.  We  therefore 
wished  to  determine  whether  changes  in  [Na+  ]j  played  a  role  in  LPS  induc¬ 
tion  of  70Z/3  cells.  Ouabain  raises  [Na  + Jj  by  specifically  inhibiting  the  plasma 
membrane  Na7K+  pump  thereby  leading  to  a  decrease  in  the  Na+  efflux  rate 
and  an  influx  of  Na+  along  a  concentration  gradient.  Monensin,  a  carboxylic 
ionophore,  specifically  exchanges  Na+  for  H+  to  increase  (Na+]j. 

Incubation  of  70Z/3  cells  with  low  doses  of  either  monensin  or  ouabain 
caused  20-30%  of  the  cells  to  express  surface  IgM  24  h  later  (Table  12.2). 
When  the  exposure  time  was  limited  to  4  h,  cell  viability  was  not  affected. 
When  the  two  drugs  were  used  simultaneously,  a  synergistic  effect  was 
seen.  These  agents  also  enhanced  the  ability  of  LPS  to  induce  surface  IgM 
expression.  Although  these  data  imply  that  ouabain  and  monensin  mediate 
their  effects  on  differentiation  within  the  4-h  exposure  period,  these  drugs 
dissociate  slowly  from  cells  and  may  be  affecting  cellular  Na+  long  after  their 
removal  from  the  culture  medium.  Failure  to  induce  a  higher  percentage  of 
cells  with  ionophore  alone  may  be  due  to  the  relative  mitotic  asynchrony  of 
70Z/3  cells  in  culture.  The  results  of  these  experiments  argued  that  an  in¬ 
crease  in  [Na+]j  is  sufficient  for  inducing  70Z/3  cells  to  differentiate  (30). 

We  also  showed  that  LPS  increases  the  cellular  Na+  concentration  (30). 
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TABLE  12.2.  70Z/3  DIFFERENTIATION 
INDUCED  BY  OUABAIN  AND  MONENSIN 


Drug11 

Percent  of  Cells  Positive 
for  Surface  IgM  at  24  hfc 

Control 

1 

LPS  (4  h) 

3-6 

LPS  (8  h) 

8 

LPS  (24  h) 

71-80 

Monensin  (4  h) 

27 

Ouabain  (4  h) 

22 

Ouabain  +  LPS  (4  h) 

35 

Monensin  +  LPS  (4  h) 

51 

Ouabain  +  monensin  (4  h) 

75 

"  Drug  concentrations  were  LPS,  10  /xg/mi;  monensin  2.5  /xg/ml; 
ouabain  400  /x/W.  When  a  drug  was  removed,  cells  were  washed 
three  times  in  fresh  medium  (RPMI  1640  made  15%  with  fetal  calf 
serum)  and  then  resuspended. 

*  Surface  IgM  expression  was  assayed  24  h  after  addition  of 
drug(s)  by  staining  with  a  fluorescein-conjugated  goat  antimouse 
IgM  antibody  and  counting  the  number  of  fluorescent  cells  in  a 
fluorescence  microscope  (30).  A  minimum  of  500  cells  per  sam¬ 
ple  were  counted;  percentages  represent  means  of  three  experi¬ 
ments. 


The  [Na^lj  increased  from  approximately  28  mmol/liter  cell  water  to  40 
mmol/liter  during  the  2  h  following  LPS  addition.  This  increase  was  blocked 
by  1  mM  amiloride.  Thus  the  LPS  stimulation  of  surface  IgM  expression 
could  also  result  from  an  elevation  of  cellular  Na+. 

To  further  examine  the  hypothesis  that  LPS  was  acting  to  induce  70Z/3 
cell  differentiation  by  increasing  Na+  uptake,  we  investigated  the  ability  of 
amiloride  to  block  LPS-induced  differentiation.  An  amiloride  concentration 
of  66  fiM  was  chosen  for  use  in  the  following  experiments;  this  dose  was 
found  to  be  nontoxic  over  the  24-h  induction  period.  70Z/3  cells  were  ex¬ 
posed  to  66  fiM  amiloride  for  varying  periods  of  time  up  to  24  h,  with  LPS 
present  for  the  whole  induction  period,  after  which  we  tested  for  expression 
of  surface  IgM.  Amiloride  was  ineffective  unless  added  within  8  h  after  the 
LPS  addition  (data  not  presented).  Nearly  100%  protection  was  observed 
when  amiloride  was  present  for  the  full  24  h  (Table  12.3).  The  fact  that 
monensin  overcomes  the  amiloride  block  of  70Z/3  cell  differentiation  (Table 
12.3)  further  indicates  that  amiloride  is  acting  by  inhibiting  a  Na+/H+  ex¬ 
change  system. 

We  also  investigated  the  concentration  dependence  of  amiloride’s  effects 
on  Na+  uptake.  When  70Z/3  cells  were  cultured  with  66  /xM  amiloride  for  16 
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TABLE  12.3.  70Z/3  DIFFERENTIATION  BLOCKED 


BY  AMILORIDE 

Drug" 

Percent  of  Cells  Positive 
for  Surface  IgM  at  24  hfc 

Control 

1-2 

LPS  (24  h) 

80 

LPS  +  amiloride  (24  h) 

2.5 

LPS  +  amiloride  +  monensin' 

83 

"  Drug  concentrations  were  LPS,  10  /u.g/ml:  amiloride.  66  /xM:  monen- 
sin,  2.5  jag/ml. 

*  Surface  IgM  expressed  assayed  24  h  after  addition  of  drug(s)  by  stain¬ 
ing  with  fluorescein-conjugated  goat  antimouse  IgM  (30).  Cells  were 
counted  for  surface  fluorescein  in  a  Zeiss  fluorescence  microscope. 
Percentages  represent  means  of  three  experiments. 

'  Amiloride  and  LPS  added  at  /  =  0  h  with  monensin  added  at  hour  4  of 
the  24-h  incubation  period  to  give  adequate  time  for  amiloride  to  be 
taken  up  by  the  cells  (see  text  and  ref.  36). 


h  at  37°C,  the  ability  of  LPS  to  raise  |Na 1  ]j  was  almost  completely  blocked. 
However,  when  amiloride  was  not  preincubated,  but  added  with  the  LPS, 
inhibition  was  not  observed  until  the  amiloride  concentration  reached  400 
/tiW,  with  a  maximum  effect  at  approximately  1.75  m M  (Ki  ~  0.8  m M)  in 
the  presence  of  145  m M  extracellular  Na+.  These  results  indicate  that  amil¬ 
oride  may  inhibit  Na+  influx  from  inside  the  cell. 

Amiloride  is  slowly  concentrated  into  dividing  cells  in  culture:  in  MEL 
cells  incubated  with  40  gW  amiloride,  the  cellular  concentration  is  1  mW 
after  4  h  at  37°C  (36).  In  70Z/3  cells  a  similar  time  course  for  uptake  is  seen 
(Fig.  12.1).  A  reasonable  explanation  for  the  ability  of  amiloride  to  inhibit 
LPS-induced  Na*  transport  almost  immediately  at  high  concentrations  and 
in  a  time-dependent  way  at  low  concentrations  is  that  it  is  capable  of  block¬ 
ing  the  Na+  influx  from  both  sides  of  the  plasma  membrane. 

The  foregoing  experiments  indicate  that  LPS  raises  the  cellular  Na+  by 
activating  entry  through  an  amiloride-sensitive  uptake  system  rather  than  by 
inhibiting  efflux.  To  examine  this  further,  we  determined  the  activity  of  the 
Na'/Kf  pump  at  various  times  after  addition  of  LPS  to  70Z/3  cells.  The 
activity  of  the  pump,  as  measured  by  ouabain-sensitive  S6Rb+  uptake,  was 
increased  by  approximately  50%  (data  not  shown).  This  result  confirms  that 
LPS  is  activating  a  ouabain-resistant  Na+  uptake  system;  the  increase  in 
[Naf  |j  resulting  from  LPS  treatment  apparently  causes  substrate  activation 
of  the  Na7Kf  pump.  We  also  investigated  the  net  rate  of  Na+  uptake  into 
70Z/3  cells  in  the  presence  of  ouabain  to  inhibit  Na+  efflux.  LPS  causes  a  20- 
30%  increase  in  the  rate  of  uptake  (Fig.  12.2).  I  m M  amiloride  was  capable  of 
completely  blocking  this  LPS  effect. 
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Figure  12.1.  Uptake  of  amiloride  by  70Z/3  cells.  70Z/3  cells  were  incubated  at  37°C,  in  RPM1 
1640  medium  made  15%  in  fetal  calf  serum  and  66  p. M  with  amiloride.  At  the  indicated  times  I  x 
I06  cells  were  removed,  washed  three  times  with  ice-cold  phosphate-buffered  saline  (PBS). 
Fluorescence  intensity  spectra  were  measured  in  an  Aminco  spectrofluorometer  with  excitation 
at  300-400  nm  and  emission  determined  at  410  nm.  These  were  compared  with  a  standard 
calibration  curve  for  a  range  of  amiloride  concentrations  in  the  SDS/PBS  buffer  to  obtain  the 
intracellular  (amiloridej. 


As  mentioned  at  the  beginning  of  the  chapter,  several  investigators  have 
implicated  an  amiioride-sensitive  Na+/H+  antiport  as  responsible  for  Na* 
influx  following  growth-factor  stimulation  of  quiescent  cells.  We  have  data 
suggesting  a  similar  mechanism  for  the  LPS-induced  rise  in  [Na+]j  in  70Z/3 
cells.  Using  the  pH-sensitive  fluorescent  dye  6-carboxy-fluorescein  (37),  we 
have  been  able  to  demonstrate  a  small,  but  significant  increase  in  pHf  follow¬ 
ing  addition  of  LPS  to  70Z/3  cells  at  37°C.  This  cytoplasmic  alkalinization  is 
detectable  after  2-min  exposure  to  the  mitogen.  A  concentration  of  1  mM 
amiloride  appears  to  be  capable  of  blocking  the  rise  of  pHj.  These  data 
would  suggest  that  LPS  activates  an  amiioride-sensitive  Na+/H+  exchange 
mechanism  thereby  leading  to  both  an  increase  in  [Na+]j  and  pHj  (42). 


4.  CONCLUSIONS 

In  both  the  chemically  transformed  70Z/3  pre-B  lymphocyte  cell  line  and  the 
Friend  virus  murine  erythroleukemia  cells,  agents  that  induce  differentiation 
do  so  by  increasing  the  cellular  Na+  level.  In  MEL  cells  this  is  accomplished 
by  an  inhibition  of  the  Na+/K+  pump  leading  to  a  decreased  rate  of  Na+ 
efflux.  In  70Z/3  cells  LPS  activates  an  amiioride-sensitive  Na+  channel, 
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Figure  12.2.  LPS  induces  Na*  uptake  by  70Z/3  cells  by  an  amiloride-sensitive.  ouabain-resis¬ 
tant  mechanism.  70Z/3  cells  were  suspended  at  2  x  lO6  cells  per  milliliter  in  RPMI  1640  medium 
made  15%  in  FCS  and  incubated  at  37°C  after  equilibration  with  trace  ”NaCl  for  15  min. 
Amiloride  (1  m M)  was  added  15  min  before  the  22Na*;  LPS  (10  /ag/ml)  and  ouabain  (1  mM) 
were  added  at  /  =  0.  At  the  indicated  times  0.5-ml  aliquots  (=  1  x  lO*  cells)  were  removed  and 
centrifuged  through  1 : 1  dinonyl  phthalate:silicone  oil  (v/v)  and  ice-cold  Ringer’s  solution,  and 
radioactivity  was  determined  in  the  pellet.'®  *’  Results  are  expressed  as  nanomoles  of  NaVIO® 
cells.  Data  points  represent  means  ±  standard  deviation  on  quadruplicate  experiments.  • — • 
LPS  +  ouabain;  ■ — ■  ouabain  alone;  O — O  LPS  +  ouabain  +  amiloride. 

and  this  channel  may  be  a  Na+/H+  antiport.  In  MEL  cells  Na+  and  Ca2+ 
ionophores  accelerate  DMSO-induced  differentiation  but  by  themselves  do 
not  induce  commitment.  However,  in  70Z/3  cells  both  monensin  and  ouabain 
are  capable  of  independently  and  synergistically  inducing  surface  IgM  ex¬ 
pression.  In  both  cell  lines,  an  increase  in  [Na+];  appears  to  be  a  critical, 
rate-limiting  step  for  differentiation  to  proceed. 
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TRANSPORT  CHANGES  IN  AD1POCATE  DIFFERENTIATION 

Cells  of  the  3T3-LI  line  isolated  by  Green  (I)  have  the  ability  to  undergo  in 
vitro  differentiation  from  a  fibroblastlike  appearance  into  adipocytes  and  to 
acquire  the  biochemical  characteristics  of  mature  fat  cells  (2). 

This  circumstance  allowed  us  to  compare  the  rates  of  transport  of  glucose 
(deoxyglucose)  and  of  Na+/K+  (Rb+)  between  cells  in  different  stages  of 
development.  The  results  are  shown  in  Fig.  13. 1  for  deoxyglucose  transport 
and  in  Fig.  13.2  for  Rb*  transport  (3). 

The  unfilled  bars  in  Fig.  13.1,4  and  B  show  that  the  rate  of  deoxyglucose 
transport  drops  dramatically  as  cells  become  confluent  (day  0)  and  then 
continues  to  drop  as  the  cells  are  maintained  in  the  confluent  state  (up  to  day 
7).  In  the  induced  cells,  the  rate  of  glucose  transport  at  day  7  is  even  lower 
than  in  the  noninduced  cells.  The  filled  bars  represent  the  insulin-stimulated 
deoxyglucose  transport  rate.  According  to  the  results  of  Karnieli  et  al.  (4) 
and  Kono  et  al.  (5)  these  rates  are  an  approximation  of  the  total  glucose 
transport  capacity  of  the  cell.  It  is  striking  that  although  the  total  (insulin- 


Figwre  13.1.  Rate  of  transport  of  deoxyglucose  by  3T3-LI  cells  at  different  stages  of  growth 
and  differentiation.  3T3-LI  cells  were  plated  at  low  density  (day  -7),  and  transport  activity  was 
monitored  as  described.  Cells  were  approximately  709?  confluent  on  day  -3.  90-959?  confluent 
on  day  -  I.  and  confluent  on  day  0.  Uninduced  cells  were  maintained  in  standard  medium 
containing  109?  fetal  bovine  serum:  induced  cells  weie  treated  identically,  except  for  treatment 
with  MIX/DEX  on  days  I  and  2.  Cells  were  fed  on  days  -5.  -2.  I,  3,  and  5;  all  transport  assays 
were  performed  at  least  12  h  after  refeeding  with  fresh  media.  (A ).  uninduced  3T3-L1  cells:  (B) 
induced  3T3-LI  cells.  The  data  for  days  -3.  -  I,  and  0  are  the  same  for  (A)  and  ( B )  and  are 
presented  in  duplicate  to  facilitate  comparison.  The  transport  data  are  the  average  of  triplicate 
determinations;  the  mean  standard  deviation  was  10-159?  during  days  -3  to  -  I  and  less  than 
I09f  during  Days  0  to  7.  Unfilled  bars,  basal  rate  of  uptake,  filled  bars,  uptake  rate  in  the 
presence  of  1.6  /aM  insulin. 
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Figure  13.2.  Rale  of  transport  of  Rh '  by  3T3-LI  cells  at  different  stages  of  growth  and  differ¬ 
entiation.  The  experiment  was  the  same  as  that  depicted  in  Fig.  13.1.  Values  presented  are  the 
average  of  triplicate  determinations;  the  mean  standard  deviation  was  approximately  109?  dur¬ 
ing  days  -3  to  - 1,  and  less  than  5% during  days  0  to  7.  (A)  unindticed  3T3-LI  cells;  ( B )  induced 
3T3-LI  cells.  Data  for  days  -3,  - 1,  and  0  are  the  same  in  (A )  and  (B).  Unfilled  bars,  basal  rate; 
filled  bars,  rate  in  the  presence  of  1.6  /x3f  insulin. 


stimulated)  deoxyglucose  transport  capacity  also  decreases  as  the  cells 
reach  confluence,  the  decrease  subsequent  to  confluence  is  more  pro¬ 
nounced  for  uninduced  cells  than  for  induced  cells.  Consequently,  at  day  7 
after  induction,  the  following  situation  exists:  induced  cells  have  a  larger 
total  glucose  transport  capacity  than  uninduced  cells,  but  in  the  basal  state  a 
smaller  number  of  transporters  are  in  the  plasma  membrane  of  the  induced 
cells  as  compared  to  the  uninduced  cells. 

Figure  13.2  shows  the  effects  of  growth  and  differentiation  on  Rb+  trans¬ 
port  by  the  3T3-LI  cells.  In  both  uninduced  and  induced  cells  the  rate  of  Rb+ 
transport  is  lower  in  cells  that  are  maintained  at  confluence  than  in  growing 
cells;  however,  the  decrease  is  greater  for  induced  cells  than  for  noninduced 
cells. 

In  contrast  to  the  difference  in  the  rate  of  Rb+  transport  between  induced 
and  uninduced  cells  at  day  7,  the  number  of  phosphorylation  sites  (Na+/K  + 
pumps)  is  the  same  in  the  induced  and  the  uninduced  cells  (3).  The  simplest 
conclusion  is  that  the  Na\K+-ATPase  in  the  adipocytes  is  inhibited  in  some 
fashion  as  compared  to  the  enzyme  in  fibroblasts. 

This  conclusion  is  supported  by  evaluation  of  the  number  and  activity  of 
the  Na+,K*-ATPase  in  the  rat  adipocyte  plasma  membrane  (Table  I3.I). 
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TABLE  13.1.  RAT  ADIPOCYTE  Na%K+-ATPase 


Cells 

Plasma  Membrane 

Na  ’  pump  sites" 

Na  .K  -ATPase 

6  x  l07ceU 

6  x  10'7mg 

activity'’ 

Turnover  number  for 

1  x  l()'7cell/min 

8.4  x  I0l7mg/min 

ATP' 

1.7  x  l()Vsite/min 

1.4  x  l()4/site/min 

Efficiency'7 

\2% 

100% 

"  The  number  of  Na‘  pump  sites  was  determined  from  the  data  in  ref.  6  and  was 
calculated  for  cells  assuming  100  x  10  4  mg  of  membrane  protein  per  cell. 
h  Activity  was  determined  from  the  data  in  ref.  6  for  membranes  and  was  calculated 
for  cells  using  the  of  Rb  *  transport  determined  in  ref.  7  and  assuming  2  Rb'  ( K ' ) 
transported  per  ATP  hydrolyzed. 

‘  Turnover  number  =  Na^.K '-ATPase  aetivity/Na'  pump  sites. 

Efficiency  is  expressed  as  percent  maximal  turnover  number. 


The  data  indicate  that  there  are  600,000  pump  sites  per  cell  and  that  their 
activity  is  12%  of  the  maximal  activity  possible.  Thus  the  adipocyte,  as  in 
the  muscle  cell  (8),  has  a  reservoir  of  pump  site  activity  which  can  be 
brought  into  action. 

Since  insulin  has  been  shown  to  increase  the  activity  of  the  Na’.K- 
ATPase  in  the  adipocyte  (7)  and  in  the  muscle  cell  (9),  we  wondered  whether 
this  activation  was  caused  by  an  increase  in  activity  of  the  Na7K‘  pumps 
already  in  the  membrane  (see  Table  13.1)  or  by  recruitment  of  additional 
pumps  from  a  nonplasma  membrane  pool  |as  in  the  situation  with  the  glucose 
transporter  (4,  5)|. 

The  latter  possibility  was  especially  appealing  because  there  is  a  great 
similarity  in  the  way  insulin  causes  activation  of  glucose  transport  and  of 
Rb’  transport  in  the  adipocyte.  In  particular,  the  stimulations  of  deoxyglu- 
cose  and  Rb’  uptake  have  the  same  dependence  on  insulin  concentration  (3), 
the  same  lag  time  and  temperature  dependence  of  the  lag  time  ( 10),  parallel 
responses  to  substances  that  mimick  the  insulin  effect,  and  the  same  tissue 
distribution  (II). 

Nevertheless,  there  is  no  change  in  the  number  of  Na 1 .  K  ‘  -ATPase  mole¬ 
cules  in  the  plasma  membrane  as  a  consequence  of  insulin  stimulation,  or  is 
there  a  measurable  pool  of  enzyme  in  membranes  other  than  the  plasma 
membrane  (6). 

One  must  conclude,  therefore,  that  insulin  activation  of  the  Na'.K.*- 
ATPase  in  the  adipocyte  must  take  place  by  a  change  in  activity  of  the 
enzyme  already  in  the  plasma  membrane.  Since  the  enzyme  is  only  operating 
at  12%  of  its  maximal  activity  before  insulin  stimulation,  a  doubling  of  the 
activity  by  insulin  would  result  in  an  increase  to  24%  of  the  maximal  enzy¬ 
matic  activity.  The  mechanism  of  this  activation  is  not  clear  at  this  time. 
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DEVELOPMENT  OF  Na  -DEPENDENT  TRANSPORT 


Implantation  is  a  process  that  involves  initially  the  interaction  of  two  epithe- 
lia:  the  maternal  endometrium  and  the  trophectoderm  of  the  blastocyst.  The 
establishment  of  contact  between  these  epithelia  is  called  adhesion.  Prior  to 
adhesion,  the  blastocyst  lies  free  in  the  uterine  fluid  and  exchanges  occur 
between  this  fluid  and  the  embryo.  Apposition  of  these  epithelia  is  brought 
about  in  part  by  expansion  of  the  blastocyst  and  removal  of  the  uterine  fluid. 
Once  the  uterine  fluid  compartment  is  eliminated,  the  embryo  exchanges 
material  directly  with  maternal  tissue.  Thus  the  pathways  of  exchange  be¬ 
tween  the  blastocyst  and  mother  change  radically  as  a  result  of  adhesion. 
For  some  time,  our  laboratory  has  been  studying  the  physiological  processes 
involved  in  solute  and  fluid  transport  by  the  epithelium  of  the  mammalian 
blastocyst,  and  in  this  chapter  we  summarize  some  of  our  more  recent 
findings. 

Because  the  blastocyst  is  a  developing  system,  it  is  subject  to  two  types  of 
change.  One  type  is  reversible  and  is  concerned  with  maintenance  of  homeo¬ 
static  functions.  An  example  of  this  type  of  change  is  the  nature  of  the 
coupling  of  metabolism  with  the  magnitude  of  the  transport  processes  in¬ 
volved  in  its  growth.  The  second  type  of  change  is  irreversible.  These 
changes  are  features  of  a  developing  system  responding  to  the  sequential 
reading  of  its  genome.  An  example  of  this  may  be  the  biphasic  increase  in  the 
number  of  ouabain-binding  sites  (Na+,K+-ATPase)  in  the  rabbit  between 
days  4  and  7  after  fertilization  (5). 

An  analysis  of  blastocyst  function,  however,  is  much  more  complicated 
than  describing  these  reversible  and  irreversible  changes  in  the  most  conve¬ 
nient  animal  model  system,  for  at  least  two  reasons.  First,  two  very  different 
types  of  blastocyst  have  appeared  during  mammalian  evolution.  One  is  the 
maximally-expanding  blastocyst,  typified  by  the  rabbit,  whose  volume  in¬ 
creases  by  several  orders  of  magnitude  during  the  preadhesion  period.  The 
other  is  the  minimally  expanding  blastocyst,  typified  by  the  mouse,  whose 
volume  increases  by  less  than  one  order  of  magnitude.  The  limited  informa¬ 
tion  on  the  human  blastocyst  suggests  it  expands  minimally.  Second,  al¬ 
though  the  blastocyst  develops  primarily  under  the  control  of  the  genetic 
information  inherited,  it  may  also  need  maternal  signals  at  critical  stages. 
The  classical  illustration  of  this  possibility  is  the  phenomenon  of  delayed 
implantation  or  embryonic  diapause.  In  the  mouse  or  rat,  for  example,  the 
blastocyst  will  remain  developmental^  arrested  until  it  receives  an  estro¬ 
genic  signal.  Similarly,  it  is  known  that  specific  proteins  may  appear  in  the 
uterine  fluids  around  the  time  of  implantation.  The  most  well-known  exam¬ 
ple  is  uteroglobin  (often  called  blastokinin)  in  the  rabbit  (see  ref.  3  for  a 
review). 

This  chapter  initially  summarizes  some  important  work  on  the  transport 
of  ions  and  nutrients  across  the  wall  of  the  blastocyst.  We  focus  on  our 
recent  experiments  addressing  the  problem  of  the  molecular  basis  of  solute 
transport  in  preimplantation  rabbit  blastocysts.  Our  discussion  is  divided 
into  three  main  headings:  (1)  a  description  of  the  time-dependent  changes  in 
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Na^-dependent  solute  transport  mechanisms;  (2)  the  relationship  between 
oxidative  metabolism  and  active  Na+  transport;  and  (3)  an  analysis  of  pro¬ 
tein  synthetic  patterns  at  different  stages  of  preimplantation  development. 


1.  DEVELOPMENTAL  CHANGES  IN  Na+-DEPENDENT 
TRANSPORT  SYSTEMS 

Up  to  the  morula  stage  the  individual  cells  (blastomeres)  of  the  embryo  are 
only  in  loose  contact  with  one  another  and  are  held  in  close  proximity  by  an 
acellular  glycoprotein  matrix,  the  zona  pellucida.  Each  cell  is  completely 
surrounded  by  uterine  fluid,  that  is,  no  extracellular  fluid  is  present.  Eventu¬ 
ally  (3-3.5  days  postfertilization  in  the  rabbit)  the  morula  undergoes  a  trans¬ 
formation  characterized  by  a  loss  of  visual  identity  of  the  boundaries  of  the 
outer  cells.  This  process  is  called  compaction  (27).  Morphological  studies  of 
compaction  have  established  that  the  cells  occupying  the  periphery  of  the 
morula  form  tight  junctions  (14,  19,  23,  24,  34).  As  a  result,  the  embryo 
becomes  enclosed  by  a  simple  squamous  epithelium,  the  trophectoderm, 
which  establishes  an  outer  permeability  seal  that  separates  the  inner  regions 
of  the  embryo  from  its  uterine  microenvironment  (see  Fig.  14.1  for  a  sche¬ 
matic  representation  of  the  blastocyst). 

There  is  considerable  evidence  in  the  literature  that  blastocoele  fluid  has 
a  unique  composition  (see  ref.  28  for  a  review).  Borland,  Biggers,  and 
Lechene  (12,13)  have  used  electron-probe  microanalysis  to  study  the  elemen¬ 
tal  composition  of  rabbit  blastocoele  fluid  at  different  developmental  stages. 
They  found  that  the  blastocoelic  [Na+],  [K  +  ],  and  [Ca2+]  averaged  140  m M, 
9.6  mM  and  1.3  m M,  respectively,  in  the  six-day  postcoitum  (p.c.)  blasto¬ 
cyst.  Unfortunately,  it  is  experimentally  difficult  to  obtain  even  picoliter 
uterine  fluid  samples  for  analysis  because  of  the  paucity  of  fluid  in  the  uterus 
around  the  time  of  implantation.  However,  an  earlier  ion-selective  micro¬ 
electrode  study  by  Petzoldt  (32)  found  concentrations  of  70  mM,  17  mM,  and 
5  mM  for  Na  +  ,  K\  Ca 2\  respectively,  in  the  uterine  fluid  of  pregnant 
rabbits  six  days  p.c.  Thus  a  high  [Na  +  1  is  maintained  in  the  blastocoele  fluid 
(140  mM  versus  70  mM)  relative  to  uterine  fluid.  Conversely,  much  lower 
IK  ^  1  and  (Ca2  +  1  are  present  in  blastocoele  fluid  as  compared  to  the  surround¬ 
ing  uterine  fluid  environment. 

Functionally,  the  paradigm  for  understanding  the  transepithelial  move¬ 
ment  of  ions,  particularly  Na+,  is  the  Koefoed-Johnson-Ussing  model  (Fig. 
14.1).  Na+  enters  the  cell  from  the  uterine  or  apical  membrane  side  down  its 
electrochemical  potential  energy  gradient,  and  is  then  actively  transported 
out  of  the  cells  into  the  blastocoelic  cavity  by  a  Na+  pump.  This  pump  is 
comprised  of  the  ubiquitous  enzyme  Na+,  Reactivated  adenosine  triphos¬ 
phatase  (ATPase)  and  is  sensitive  to  inhibition  by  the  drug  ouabain.  Al¬ 
though  intracellular  Na+  activities  have  not  been  measured  in  mammalian 
blastocyst  tissues,  we  know  that  tranepithelial  Na+  transport  is  active  be- 
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APICAL  MEMBRANE 


Figure  14.1.  Summary  of  the  properties  of  late  (day  6-7  p.c.)  preimplantation  rabbit  blastocyst 
tropheetodermal  epithelium  with  respect  to  Na  .  Cl  .  and  methionine  transport.  Also  illustrated 
is  a  diagramatic  representation  ol  the  rabbit  blastocyst  in  cross-section.  The  apical  membrane 
faces  the  uterine  microenvironment. 


cause  of  the  following  observations:  (1)  net  movement  of  Na+  into  the  blas- 
tocoele  occurs  against  a  gradient  of  electrochemical  potential  energy;  and  (2) 
both  unidirectional  and  net  transepithelial  Na+  influx  is  abolished  either  by 
ouabain  or  cyanide  (8). 

Previous  results  from  our  laboratory  have  shown  that  the  rabbit  blasto¬ 
cyst  undergoes  enormous  developmental  changes  pertinent  to  solute  trans¬ 
port  during  its  preimplantation  period.  These  changes  include: 

1.  The  number  of  ouabain-binding  sites  Na*  .K  f-ATPase  of  the  rabbit 
blastocyst  increases  with  development  in  a  biphasic  fashion  during 
this  period  (Fig.  14.2 a). 

2.  The  demonstration  that  the  rabbit  trophectoderm,  in  addition  to 
changes  in  its  fluid  transporting  function,  alters  its  solute-transporting 
characteristics  during  preimplantation  development  in  the  following 
ways: 

a.  The  acquisition  of  an  amiloride-sensilive  component  to  trans¬ 
epithelial  Na+  influx  between  days  6  and  7  p.c. 
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b.  The  acquisition  of  a  phloretin-sensitive  component  to  trans- 
epithelia!  urea  influx  between  days  6  and  7  p.c. 

c.  The  acquisition  of  a  furosemide-sensitive,  NaCI  cotransport  sys¬ 
tem  between  days  5  and  6  p.c. 

d.  The  loss  of  a  Na+ -dependent  methionine  uptake  system  between 
days  6  and  7  p.c. 

e.  The  conversion  of  the  trophectoderm  from  a  very  low  electrical 
resistance  epithelium  to  a  high-resistance  epithelium  between  4  and  6 
days  p.c. 

l.i.  Ouabain-Binding  Studies 

The  total  number  of  ouabain-binding  sites  as  well  as  the  ouabain-sensitive 
component  of  the  Na+  influx  has  been  determined  for  different-aged,  preim¬ 
plantation  rabbit  blastocysts  (5).  The  number  of  molecules  bound  increases 
about  50  times  between  days  4  and  5;  little  change  occurs  between  days  5 
and  6,  and  then  the  number  increases  about  five  times  by  day  7.  The  surface 
area  of  the  blastocyst  does  not  increase  in  a  similar  biphasic  way,  so  that 
when  the  results  are  expressed  as  the  number  of  ouabain  molecules  bound 
per  unit  area  there  is  a  significant  drop  between  days  5  and  6.  These  results 
suggest  that  there  are  two  phases  of  appearance  of  Na+,K/-ATPase.  one 
between  days  4  and  5  p.c.  and  another  after  day  6.  Because  the  trophoblast 
cells  continue  to  divide  between  days  5  and  6.  the  density  of  Na\K4- 
ATPase  molecules  per  unit  area  diminishes  during  this  time.  The  ouabain- 
inhibited  Na f  influx  remains  essentially  constant  at  0.20  /xmol/cm2  h  on  day  5 
and  day  6  p.c.  (Table  14.1).  Therefore,  the  increase  in  active  Na+  transport 
observed  during  the  4-6-day  p.c.  period  results  from  an  increase  in  the 
absolute  number  of  pump  sites  and  not  from  an  increase  in  the  capacity  of 
each  site  to  transport  more  Na+  per  unit  time,  assuming  that  all  ouabain- 


TABLE  14.1.  FLUID  ACCUMULATION,  NET  AND  OUABAIN-SENSITIVE  Na+ 
INFLUXES,  AND  OUABAIN-BINDING  SITES  IN  SIX-DAY  PREIMPLANTATION 
RABBIT  BLASTOCYSTS 


Days 

Post-Coitum 

Fluid 

Accumulation 
Rate" 
(jal/cm:  h) 

Net  Na* 
Accumulation 
Rate" 

(/xmol/cm:  h) 

Ouabain- 

Sensitive 

Na*  Influx'1 
(^mol/cm-  h) 

Ouabain- 

Binding 

Sites" 

(billion/cm2) 

Turnover 

Number 
(ion/sec 
per  site) 

4 

7.57 

0.098 

— 

27.2 

— 

5 

26.05 

0.342 

0.20 

229 

146 

6 

32.26 

0.452 

0.19 

91.3 

348 

7 

70.98 

0.820 

0.09 

170 

91 

*  From  Borland  el  al.  (12). 

*  From  Benos  (5). 


Figure  14.2.  Log  number  of  ouabain  molecules  bound  per  unit  surface  area  of  rabbit  blastocyst 
as  a  function  of  age.  The  numbers  in  parentheses  refer  to  the  average  number  of  ouabain 
molecules  in  billions,  while  the  vertical  lines  represent  ±  S.D.  The  data  were  fitted  by  ortho¬ 
gonal  polynomial  regression  analysis.  The  minimum  order  of  polynomial  to  which  these  data 
were  fit  is  three.  At  least  five  blastocysts  per  point  were  used.  These  data  were  taken  from 
Benos  (5).  ( h )  Autoradiograph  of  6-day  p.c.  rabbit  blastocyst  after  exposure  to  [’HJouabain.  The 
tissue  was  exposed  for  90  min  to  0.5  pM  ouabain  containing  0.2  /aCi  of  [’HJouabain,  followed 
by  extensive  washing,  as  described  in  Benos  (5).  Both  figures  show  that  ouabain  is  distributed 
all  along  the  basolateral  surfaces  with  a  higher  density  of  grains  between  adjacent  cells.  The 
bottom  figure  shows  "possible"  binding  to  endodermal  cells  (arrowheads).  The  long  arrows 
indicate  microvilli  on  the  apical  surface.  The  solid  bars  in  the  figures  indicate  10  /am.  Samples 
were  frozen,  freeze-dried,  coated  with  NTB-2  emulsion,  exposed,  and  photographed  according 
to  published  procedures  (20). 
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binding  sites  are  involved  in  transepithelial  Na*  transport.  By  day  7  p.c., 
however,  the  magnitude  of  the  ouabain-sensitive  transepithelial  Na*  influx 
falls  to  0.09  /zmol/cnr  h,  a  value  only  marginally  significantly  different  from 
zero  (P  =  0.1).  This  decrease  in  ouabain-sensitive  Na'  influx  is  paradoxical 
in  light  of  the  measured  increase  in  ouabain-binding  sites  at  this  stage  of 
development. 

These  studies,  however,  were  unable  to  differentiate  whether  all  Na  * ,  K  *  - 
ATPase  molecules  are  located  on  the  blastocoelic  side  of  the  trophectoderm. 
We  have  recently  determined  by  autoradiography  the  morphological  loca¬ 
tion  of  pHlouabain-binding  sites  at  different  stages  of  preimplantation  de¬ 
velopment  in  the  rabbit.  At  all  stages,  ouabain  is  bound  only  on  the  blasto¬ 
coelic  side  of  the  epithelium  (Fig.  14.2 h):  no  ouabain  binding  to  apical 
membranes  has  ever  been  seen.  Interestingly,  many  ouabain-binding  sites 
are  located  on  the  thin  endodermal  cells  which  begin  to  proliferate  around 
the  inside  of  the  blastocoeie  on  day  6  p.c.  and  almost  completely  cover  the 
inner  aspect  of  the  trophectoderm  on  day  7  p.c.  These  endodermal  ouabain¬ 
binding  sites  may  be  responsible  for  the  increase  in  the  number  of  pH) 
ouabain-binding  sites  observed  between  days  6  and  7.  The  observation  of 
little  or  no  ouabain  sensitivity  to  J'U.A  on  day  7  p.c.  in  spite  of  a  large  increase 
in  the  total  number  of  binding  sites  may  possibly  be  explained  by  the  binding 
of  ouabain  to  these  endodermal  cells,  which  presumably  are  not  involved  in 
transepithelial  Na*  transport. 

1.2.  Amiloride-Sensitive  Na+  Transport 

Recent  work  in  our  laboratory  has  shown  that  the  rabbit  blastocyst  acquires 
an  amiloride-sensitive  component  to  Na'  influx  between  6  and  7  days  after 
fertilization  (5,  33;  Fig.  14.3).  We  have  conducted  some  experiments  de¬ 
signed  to  address  the  question  “Is  the  appearance  of  the  amiloride-sensitive 
Na'  entry  process  a  result  of  genetic  preprogramming,  or  are  exogenous 
maternal  ‘factors’  involved?”  We  collected  embryos  on  day  5  p.c.,  cultured 
them  for  48  h  at  which  time  measurements  of  22Na '  influx  in  the  absence  and 
presence  of  0. 1  m M  amiloride  were  performed.  The  results  are  presented  in 
Table  14.2.  It  is  apparent  that  the  cultured  blastocysts  do  not  have  any 
amiloride  sensitivity,  suggesting  that  some  component  (or  components)  of 
the  uterine  secretions  may  be  necessary  for  ultimate  expression  of  this  par¬ 
ticular  transport  system.  These  experiments,  however,  are  very  preliminary 
and  thus  not  conclusive.  For  one  thing,  we  have  not  yet  optimized  our 
culture  conditions  since  the  in  vitro  blastocysts  were  considerably  smaller 
compared  to  their  in  vivo  counterparts.  The  rabbit  zygote  has  been  success¬ 
fully  cultured  in  vitro  up  to  the  blastocyst  stage  in  chemically  defined  me¬ 
dium  (17,  25,  37).  Although  able  to  blastulate,  these  embryos  fail  to  expand 
and  grow.  Growth  rates  have  been  improved  with  certain  modifications  of 
FIO  medium  (18),  but  it  has  not  yet  been  possible  to  obtain  continued  growth 


DEVELOPMENT  OF  \a  -DEPENDENT  THANSPOHT 


218 


EFFECT  OF  0.1  mM  AMLORDE  ON  Na  NFLUX 
M  PREirfPLANTATION  RABBIT  BLASTOCYSTS 


Figure  14.3.  Transepithelial  ”Na’  influx  into  different-aged  preimplantation  rabbit  blastocysts 
in  the  absence  and  presence  (hatched  bars)  of  0. 1  m M  external  amiloride.  Probabilities  that  the 
difference  between  mean  influx  rates  plus  and  minus  amiloride  was  significant  are  p  >  .5.  p  > 
.5.  and/)  <  .025  for  day  5.  6.  and  7  p.c.  embryos,  respectively.  (From  Benos,  ref.  5.) 


comparable  to  that  observed  in  in  vivo  blastocysts.  The  nutrient  requirements 
for  successful  development  are  complex;  these  include  amino  acids,  vita¬ 
mins,  proper  osmolality  and  atmospheric  pressure,  and  a  source  of  protein. 
Krishnam  and  Daniel  (26)  found  that  a  uterine  protein  component  (uteroglo- 
bin/blastokinin)  was  necessary  for  expansion  of  blastocysts  cultured  in  vitro 


TABLE  14.2.  THE  EFFECT  OF  AMILORIDE  ON  KNa  + 
INFLUX  INTO  FRESHLY  COLLECTED  OR  CULTURED 
SEVEN-DAY  P.C.  BLASTOCYSTS" 


Freshly  Collected 
Day-7  p.c.  Blastocysts 

Blastocysts  Cultured 
in  vitro  from  Day  5  p.c. 

Control 

3.90  ±1.10 

.3.72  ±  0.99 

(n  =  9) 

in  =  8) 

Amiloride 

1.10  ±  0.20 

3.75  ±|.I7 

(0.1  m  M) 

(n  =  11) 

</i  =  8) 

“  Units  are  expressed  in  micromoles  of  Na'  per  square  centimeter  per 
hour. 
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from  morulae.  Maurer  and  Beier  (30),  however,  found  that  uteroglobin  ob¬ 
tained  from  six-day  pregnancy  uteri  did  not  improve  blastocyst  expansion 
rates  over  that  observed  in  BSA-supplementcd  medium. 

In  collaboration  with  Ms.  Loretta  Nielsen,  we  have  developed  procedures 
for  the  extraction,  separation,  and  radioimmunoassay  of  steroid  hormones 
from  plasma  samples  of  the  rabbit,  and  have  developed  techniques  for  the 
measurement  of  steroid  receptors  in  blastocyst  tissue.  We  are  currently 
studying  the  possible  involvement  of  aldosterone,  cortisol,  and  corticoste¬ 
rone,  as  well  as  the  uterine  secretory  protein  uteroglobin,  in  blastocyst  fluid 
expansion  and  Na*  transport.  These  steroid  hormones  have  been  implicated 
as  hormonal  signals  for  the  synthesis  and  expression  of  enhanced  amiloride- 
sensitive  Na’  influx  in  rat  colon  (36),  neonatal  pig  colon  (21),  and  cultured 
amphibian  kidney  cells  (35). 

We  have  found  that  when  rabbit  blastocysts  are  collected  from  the  mother 
on  day  5  p.c.  and  maintained  in  vitro,  the  amiloride  sensitivity  of  Na*  influx 
fails  to  develop  (Table  14.2).  This  observation,  coupled  to  the  fact  that  the 
embryo  does  not  expand,  leads  us  to  the  hypothesis  that  certain  components 
derived  from  the  mother  are  necessary  for  the  proper  functioning  (and/or 
expression)  of  the  physiological  mechanisms  involved  in  blastocyst  fluid 
accumulation. 

We  now  turn  to  two  other  types  of  experiments  designed  to  investigate 
further  the  role  of  Na*  in  the  transport  processes  that  develop  in  the  rabbit 
trophectoderm. 

1.3.  NaCl  Cotransport 

On  the  basis  of  the  short-circuit  and  tracer  flux  measurements  of  Cross  ( 16)  it 
is  possible  that  the  6-day  p.c.  rabbit  embryo  may  transport  Na*  and  Cl  into 
the  blastocoele  cavity  in  a  coupled  fashion.  We  have  performed  experiments 
designed  to  test  this  hypothesis.  The  unidirectional,  transepithelial  influx  of 
1hCI  (fa)  and  22Na*  (/Na)  in  6-day-old  blastocysts  was  measured  in  the  pres¬ 
ence  and  absence  of  1  m M  furosemide.  The  results  are  shown  in  Fig.  14.4. 
These  results  show  that  7’Na  is  reduced  relative  to  control  when  the  blasto¬ 
cysts  are  incubated  in  a  Cl  -free  medium  or  when  1  mM  furosemide  is 
present.  Likewise,  J{  \  is  reduced  by  incubating  embryos  in  Na  *-free  medium 
or  in  the  presence  of  1  mM  furosemide.  The  addition  of  DIDS  (4,4'-diisothio- 
cyanostilbene  2,2'-disulphonic  acid),  which  is  a  potent  inhibitor  of  coupled 
anion  exchange  systems,  had  no  effect  on  J'a.  Removal  of  external  bicar¬ 
bonate,  or  addition  of  I  m M  acetazolamide  or  amiloride  produced  no  change 
in  either  V'Na  or  J{  \  (data  not  shown). 

Important  quantitative  conclusions  from  these  results  are  that  the  reduc¬ 
tion  in  J[t  and  y’Na  in  Na'-  and  Cl  -free  media,  respectively,  is  not  signifi¬ 
cantly  different,  and  the  magnitude  of  the  reduction  of  J'a  and  7‘Na  in  the 
presence  of  furosemide  is  also  not  different.  These  observations  are  consis- 
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Figure  14.4.  The  effect  of  various  experimental  manipulations  on  either  ”Na’  or  ,6CI  influxes 
in  6-day  p.c.  rabbit  embryos.  Vertical  lines  represent  1  S.E.  of  the  mean,  and  the  numbers 
directly  above  the  error  bars  indicate  the  number  of  blastocysts  used  per  group.  (Data  from 
Benos  and  Biggers,  Ref.  7.) 


tent  with  the  idea  that  a  portion  of  both  the  Na*  and  Cl  influxes  into  6-day 
p.c.  blastocysts  are  coupled. 

In  some  epithelial  systems  like  rabbit  ileum  (31)  and  gallbladder  (22), 
elevated  levels  of  cyclic  AMP  (cAMP)  inhibit  NaCI  cotransport.  We  have 
repeated  these  experiments  in  the  rabbit  blastocyst  and  show  that  1  mM 
cAMP  or  furosemide  inhibit  J'N.d  and  Jci  to  the  same  extent,  and  the  addition 
of  these  two  agents  together  produces  no  further  inhibitory  effect  (Table 
14.3).  Removal  of  external  K+  does  not  alter  J'Ua  or  J'a ,  or  does  this  treat¬ 
ment  alter  the  furosemide  sensitivity  of  either  flux. 

From  the  foregoing  experiments  we  conclude  that  there  is  a  significant 
NaCI-coupled  cotransport  system  present  in  the  uterine-facing  membrane  of 
the  6-day-old  rabbit  blastocyst,  which  comprises  25-35%  of  the  total  trans- 
epithelial  fluxes  of  these  ions.  This  transport  system  can  be  inhibited  by  either 
cAMP  or  furosemide.  There  is  no  evidence  for  the  presence  of  either  a 
Cl  :CI  or  Cl  :  HCO,  exchange  system. 

This  NaCI  cotransport  system,  like  the  amiloride-sensitive  Na+  transport 
system,  appears  during  the  development  of  the  rabbit  blastocyst  (Fig.  14.5). 
The  unidirectional  J'a  was  measured  in  rabbit  blastocysts  5,  6,  and  6.5  days 
old  in  control  medium  and  in  the  presence  of  1  mM  furosemide.  The  total  J'a 
does  not  change  significantly  in  control  medium  but  its  sensitivity  to  furo¬ 
semide  increases  with  development.  Our  results  suggest  that  this  NaCI  co¬ 
transport  system  only  develops  after  the  fifth  day  of  development. 
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BLASTOCYST  AGE  (DAYS) 

Figure  14.5.  The  effect  of  I  mM  furosemide  (A)  on  transepithelial  W>C1  influx  in  different-aged 
preimplantation  rabbit  embryos.  Solid  circles  represent  mean  values  of  Cl  influx  in  non- 
furosemide-treated  blastocysts.  Vertical  lines  indicate  one  S.E.  of  the  mean  of  (N)  experiments. 
(Data  from  Benos  and  Biggers.  ref.  7.) 


1.4.  Na  +  -Dependent  Amino  Acid  Uptake  by  the 
Rabbit  Blastocyst 

Christensen  (15)  first  reported  that  in  Ehrlich  ascites  cells  and  red  blood 
cells,  the  neutral  amino  acid  methionine  is  transported  by  two  mechanisms, 
one  Na+  independent,  and  one  Na+  dependent.  We  have  examined  the  up¬ 
take  of  FHjmethionine  by  6-day  rabbit  blastocysts  in  the  presence  and  ab¬ 
sence  of  Na\  Intact  blastocysts  were  exposed  to  different  concentrations  of 
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TABLE  14.3.  THE  EFFECT  OF  FUROSEMIDE  AND 
D1BUTYRYL  CYCLIC  AMP  ON  J\,  AND  J[,  IN  SIX-DAY  P.C. 
RABBIT  BLASTOCYSTS'- 


Treatment 

J  Na 

(/amol/cm2  h) 

J'a 

(/amol/cm:  h) 

Control  (KRBG) 

0.38  ±  0.04 

0.40  ±  0.02 

(N  =  8) 

(N  =  10) 

+ 1  mM  Furosemide 

0.30  ±  0.01 

0.29  ±  0.02 

(N  =  8) 

(/V  =  7) 

+  1  mM  Dibutyryl  cAMP 

0.31  ±  0.02 

0.31  ±  0.03 

<N  -  9) 

(/V  =  13) 

1  mM  Furosemide 

1  mM  Dibutyryl  cAMP 

0.31  ±  0.02 

0.30  ±  0.04 

(N  =  10) 

iN  =  14) 

Pooled  error  mean  square: 

0.006.  d.f.  =  31 

0.031.  d.f.  =  40 

Data  from  Benos  and  Biggers  (9). 


methionine  for  20  min  and  the  radioactivity  of  the  washed  tissue  determined. 
The  surface  area  of  the  blastocyst  was  determined  from  video  images  before 
incubation,  so  that  the  uptake  is  expressed  as  nanomoles  per  square  centi¬ 
meter  per  hour. 

The  uptake  of  I’HJmethionine  increases  in  control  media  with  [Met],  and 
is  particularly  marked  over  the  lower  concentrations.  Thus  raising  ( Met ]  to 
10  mM  increases  the  uptake  to  about  5  nmol/cm2  h,  while  a  further  increase 
of  10  mM  only  increases  the  uptake  by  a  further  2.25  nmol/cm2  h.  The  uptake 
of  |’H|methionine  also  increases  in  Na+-free  media  with  |Met],  but  in  con¬ 
trast  to  the  results  with  control  media,  the  increase  is  more  marked  over  the 
higher  concentrations.  Thus  raising  the  [Met]  in  Na+-free  medium  to  10  mM 
raises  the  uptake  to  1.75  nmol/cm2  h,  while  a  further  10  mM  increase  of 
methionine  increases  the  uptake  by  2.25  nmol/cm2  h.  The  two  concentration- 
response  curves  are  very  significantly  different,  showing  that  methionine  is 
taken  up  by  the  6-day  rabbit  blastocyst  using  both  Na  +  -independent  and 
Na* -dependent  processes. 

Regression  analysis  shows  that  the  relation  between  the  natural  logarithm 
of  the  uptake  of  pH|methionine  and  [Met]  in  Naf-free  media  does  not  depart 
significantly  from  linearity.  This  fact  provides  good  evidence  that  the  Na  +  - 
independent  uptake  of  methionine  does  not  occur  by  simple  diffusion. 
Whether  the  uptake  is  determined  by  Christensen's  L  system  has  yet  to  be 
determined  from  studies  with  other  amino  acids. 

The  difference  between  the  two  concentration-response  curves  repre¬ 
sents  the  Na' -dependent  uptake  (Fig.  14.6b).  The  Na  +  -dependent  uptake 
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Figure  14.6.  (a)  Tissue  uptake  of  |'H [methionine  into  6-day  p.c.  rabbit  trophectoderm  mea¬ 

sured  in  the  presence  (solid  circles)  or  absence  (open  circles)  of  external  sodium  (Figure  6a).  All 
measurements  were  conducted  on  single  embryos,  and  the  tissue  |'H|methionine  counts  were 
corrected  for  extracellular  space  trapping  using  |'4C|polyethylene  glycol  as  a  marker.  The 
points  represent  the  mean  value  of  (A')  determinations,  and  the  vertical  lines  indicate  one  S.E. 
of  the  mean.  (6)  The  Na*-dependent  methionine  uptake  (the  difference  between  the  two  curves 
shown  in  Fig.  14. a)  is  plotted  versus  the  external  methionine  concentration. 
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Figure  14.7.  Tissue  uptake  of  |'H [methionine  by  way  of  Na’-deperuient  and  Na'-independent 
routes  versus  blastocyst  age.  I.ines  were  determined  from  regression  analysis  of  the  data  of 
Benos  (4).  Final  methionine  concentration  in  all  media  was  0. 12  m M.  An  equimolar  quantity  of 
choline  chloride  was  used  to  substitute  for  Nat'l  in  these  experiments. 


increases  with  (Met)  up  to  a  concentration  of  10  mM  and  then  levels  off.  This 
fact  suggests  that  the  system  becomes  saturated.  Unfortunately,  the  data  are 
insufficient  to  determine  whether  it  obeys  Michaelis-Menten  kinetics. 
Whether  this  component  of  total  uptake  is  by  way  of  Christensen's  A  system 
has  yet  to  be  determined  using  comparisons  with  the  behavior  of  other  amino 
acids. 

Benos  (4)  compared  the  uptake  of  ['Hjmethionine  by  5-,  6-  and  7-day 
rabbit  blastocysts  in  control-  and  Na'-free  media.  We  have  reevaluated 
these  results  using  regression  analyses  (Fig.  14.7).  The  total  uptake  does  not 
change  significantly  in  control  media  over  the  interval  of  5-7  days  and  has  a 
mean  value  of  1.16  nmol/cm2  h.  In  Na*-free  media,  however,  the  uptake 
increased  significantly  from  0.32-0.82  nmol/cm2  h  over  the  same  period. 
Thus  the  Na  + -independent  component  increases,  while  the  Na 4  -dependent 
component  of  methionine  uptake  decreases  between  the  fifth  and  seventh 
day  of  development  (Fig.  14.7). 

We  have  also  measured  the  Na*  dependence  of  uptake  of  other  amino 
acids,  including  glycine,  aminoisobutyric  acid,  and  leucine.  Of  these,  only 
glycine  uptake  displays  Na*-independence.  Removal  of  external  Na*  re¬ 
duces  leucine  uptake  by  80%  and  42%  in  6-  and  6.5-day  embryos,  respec¬ 
tively  (at  0.9  mM  external  leucine).  We  have  not  yet  determined  whether 
leucine  uptake  depends  on  external  Na+  in  5-day  p.c.  blastocysts. 


2.  METABOLISM  AND  TRANSPORT 

A  linear  relationship  between  the  rate  of  oxygen  consumption  and  active 
Na*  transport  has  been  observed  in  many  transporting  epithelia  (29).  Trans- 
epithelial  fluid  transport  across  the  rabbit  trophectoderm  is,  at  least  in  part. 
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mediated  by  the  Na  *  ,K  ‘-ATPase  (II).  As  there  is  a  large,  ouabain-sensitive 
component  to  Na*  influxes  (5),  the  relative  metabolic  cost  of  active  Na* 
transport  can  be  determined  by  measuring  the  oxygen  consumption  (Q,n)  of 
blastocysts  before  and  after  injection  with  ouabain.  A  decrease  in  active 
transport  produced  by  ouabain  would  result  in  a  decrease  in  the  rate  of  ATP 
hydrolysis,  which  in  turn  would  manifest  itself  as  a  decrease  in  the  rate  of 
blastocyst  Qin .  Benos  and  Balaban  (6)  have  shown  that  approximately  70% 
of  the  total  oxygen  consumption  of  4-6  day  p.c.  rabbit  blastocysts  is  inhibited 
by  ouabain,  whereas  only  16%  of  Qin  of  7-day  p.c.  embryos  is  ouabain 
sensitive.  The  absolute  magnitude  of  the  Q„2  of  6-7-day-old  rabbit  blasto¬ 
cysts  averaged  88  ±  7  nmol  Oi/cm2  h,  and  was  higher  for  4-  and  5-day  p.c. 
embryos  (132  ±  10  nmol  CK/cnr  h). 

We  wanted  to  determine  how  much  of  this  ouabain-sensitive  Q,,,  was 
directly  associated  with  active  transepithelial  Na+  transport  in  this  tissue,  as 
well  as  to  determine  the  stoichiometry  of  active  Na*  transport  and  ATP 
production.  These  determinations  were  done  by  measuring  the  increase  in 
total  ATP  production  (from  Q0,  and  lactate  production)  after  transepithelial 
Na*  transport  had  been  stimulated  by  the  addition  of  amphotericin  B  to  the 
blastocyst  incubation  medium  (7).  Amphotericin  B  stimulates  Na*  transport 
by  increasing  the  Na*  permeability  of  the  rate-limiting  uterine-facing  cell 
membrane  of  the  trophectoderm,  allowing  more  Na*  to  gain  access  to  the 
Na*  pump.  The  results  of  these  experiments  are  summarized  in  Table  14.4. 
Amphotericin  B  stimulated  ouabain-sensitive  Na+  transport  by  a  factor  of  7 
while  causing  a  32%  increase  in  total  ATP  production.  From  these  data,  the 
calculated  Na*/ATP  stoichiometry  is  3.  This  value  is  in  excellent  agreement 
with  the  measured  Na*,K*- ATPase  stoichiometry  of  Na  +  ,  ATPase  on  other 
cellular  and  epithelial  tissues  (29).  This  analysis  has  not  been  done  for  4-,  5- 
or  7-day-old  rabbit  blastocysts. 

To  maintain  a  rate  of  net  transepithelial  Na*  transport  of  0.19  /xmol/cm2  h 
(Table  14.2),  some  0.063  /amol  ATP/cm:  h  must  be  consumed  by  the  day-6 


TABLE  14.4.  THE  EFFECT  OF  AMPHOTERICIN  B  ON 
OUABAIN-SENSITIVE  TRANSEPITHELIAL  Na*  INFLUX  AND 
TOTAL  ATP  PRODUCTION  IN  SIX-DAY  RABBIT 
BLASTOCYSTS® 


Control 

+  Amphotericin 

B 

(5  jig/ml) 

A 

Ouabain-sensitive  7'^ 

0.19 

1.27 

1.08 

Total  ATP  production 

(Oxidative  and  glycolytic) 

1. 10 

1.45 

0.36 

"  Units  are  expressed  as  micromoles  per  square  centimeter  per  hour.  The  data 
were  taken  from  Benos  and  Balaban  (7). 
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Figure  14.8.  Specially  designed,  temperature-regulated  blastocyst  holding  chamber  for  simul¬ 
taneous  superfusion,  fluorescence,  and  differential  interference  microscopy  of  living  mamma¬ 
lian  embryos.  The  P.V.C.  suction  cup  is  replaceable  and  can  be  changed  to  accomodate  em¬ 
bryos  of  any  size. 


p.c.  embryo.  Thus,  under  in  vitro  conditions  (with  glucose  as  the  sole  exoge¬ 
nous  substrate),  ouabain-sensitive  Na4  transport  utilizes  only  6-1  1%  of  the 
total  ATP  output  of  this  tissue,  not  70%  as  suggested  by  the  inhibition  of  Q„2 
by  ouabain.  Clearly,  some  process  or  processes  other  than  active  trans- 
epithelial  Na+  transport  must  be  inhibited  by  ouabain.  The  lower  inhibition  of 
Q(),  by  ouabain  in  the  7-day  p.c.  embryo  may  be  indicative  of  an  “uncou¬ 
pling”  of  the  ouabain  sensitivity  of  these  other  processes,  a  cessation  of 
ouabain-sensitive  transepithelial  Na4  transport,  and/ora  shift  in  the  utiliza¬ 
tion  of  the  energy  derived  from  oxidative  metabolism  from  one  of  transport 
to  the  support  of  other  functions  of  the  trophectoderm  and  inner  cell  mass 
that  begin  at  day  7  p.c.,  the  day  of  implantation.  Studies  are  presently 
underway  to  evaluate  all  of  these  possibilities. 

We  have  also  begun  studies  of  living  blastocyst  tissue  using  combined 
differential  interference-contrast  and  fluorescence  microscopy  for  analysis 
of  cellular  metabolic  parameters.  Bereiten-Hahn  (10)  has  described  the  use 
of  dimethylaminostyrylmethyl-pyridiniumiodine  (DASPMI)  as  a  specific  flu¬ 
orescent  probe  for  mitochondrial  staining  in  situ.  Since  blastocyst  tissue  has 
a  high  rate  of  oxygen  consumption,  and  its  metabolism  is  almost  entirely 
based  on  oxidative  processes,  we  wanted  to  visualize  the  distribution  of 
mitochondria  within  the  embryo  itself,  especially  comparing  trophectoderm 
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Figure  14.9.  Fluorescence  micrographs  of  DASPMI-slained  6-day  p.c.  rabbit  (a)  trophecto- 
derm  and  (b)  inner  cell  mass.  Fluorescence  examination  was  performed  using  a  filter  combina¬ 
tion  giving  404.7  nm  excitation  wavelength  and  emission  above  510  nm.  Bar  in  figures  indicates 
2.5  gm. 
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to  inner  cell  mass.  Blastocysts  were  incubated  for  30  min  in  the  dark  with  5 
nM  DASPM1  in  Ringer’s  solution.  The  embryos  were  transferred  to  a  cham¬ 
ber  designed  for  simultaneous  monitoring  of  metabolic  processes  and  mi¬ 
croscopy  (Figure  14.8).  Figure  14.9  is  a  fluorescent  photomicrograph  of  a 
DASPMl-stained,  6-day  p.c.  rabbit  blastocyst.  All  cells  of  the  trophecto- 
derm  (Fig.  I4.9«)  display  intense  fluorescence,  while  only  a  few  cells  of  the 
inner  cell  mass  contain  mitochondria  (Fig.  14.96).  These  results  suggest  that 
the  blastomeres  of  the  trophectodermal  epithelium  are  largely  aerobic, 
whereas  the  majority  of  the  presumptive  fetal  cells  are  glycolytic.  Precise 
quantification  of  this  hypothesis  is  presently  being  undertaken  using  differ¬ 
ential  interference/fluorescence  microscopy  combined  with  in  vivo  measure¬ 
ments  of  mitochondrial  NAD  redox  levels  (2). 


3.  PROTEIN  SYNTHESIS;  CELL  POLARITY, 

AND  DEVELOPMENT 

A  major  goal  of  our  laboratory  is  to  gain  insight  into  the  biochemical  and 
molecular  mechanisms  underlying  these  dramatic  changes  in  epithelial  trans¬ 
port  activity  in  the  expanding  rabbit  blastocyst.  To  this  end,  we  have  initi¬ 
ated  studies  in  which  we  are  quantitatively  examining  the  developmental 
rates  of  synthesis  of  major  blastocyst  proteins  using  two-dimensional  poly¬ 
acrylamide  gel  electrophoresis  and  fluorography  (see  ref.  37  for  the  method¬ 
ological  details).  During  the  conduct  of  these  experiments  we  have  devel¬ 
oped  a  technique,  based  on  orthogonal  multiple  regression  analysis  (1),  that 
permits  quantitative  comparisons  of  synthetic  patterns  between  groups  or 
clusters  of  individual  proteins. 

Blastocysts,  recovered  from  the  uteri  of  rabbits  on  days  4,  5, 6,  and  7  after 
mating,  were  incubated  at  37°C  in  a  humidified  atmosphere  of  5%  C02  in  air 
in  the  presence  of  180-200  fiCi/ml  (35S]methionine  (specific  activity  1200  Ci/ 
mmol)  for  3  h  in  Ham’s  F-10  medium.  After  the  incubation  period  blasto¬ 
cysts  were  washed,  the  zona  pellucida  removed,  the  tissue  solubilized  in 
lysis  buffer  and  subjected  to  two-dimensional  gel  electrophoresis.  Six  to 
twenty  blastocysts  were  used  per  experimental  point,  and  each  experiment 
was  repeated  five  times.  To  serve  as  known  protein  markers,  preparations  of 
purified  Na+,K*-ATPase  and  actin  were  added  to  the  blastocyst  tissue  ly¬ 
sate.  Protein  spots  were  first  visualized  using  a  silver  stain  procedure  (30a) 
followed  by  fluorography.  The  spots  corresponding  to  these  proteins  plus  17 
other  major  proteins  were  cut  out,  solubilized,  and  the  incorporated  radioac¬ 
tivity  determined  by  liquid  scintillation  spectroscopy.  The  amount  of  35S 
label  (dpm)  incorporated  in  each  protein  spot  was  expressed  as  percent  of 
total  acid  precipitable  (TCA)  radioactivity  per  blastocyst. 

Figure  14.10  shows  a  two-dimensional  gel  of  radiolabeled  6-day  rabbit 
blastocyst  proteins.  Twenty  individual  proteins,  referenced  by  letter,  were 
analyzed  for  synthetic  rate  during  preimplantation  development  as  described 
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Figure  14.10.  Two-dimensional  gel  of  ["S|-radiolabeled  6-day  p.c.  rabbit  blastocyst  proteins. 
Protein  spots,  stained  with  silver,  are  referenced  by  letter. 


before.  Specifically,  as  determined  by  coelectrophoresis  or  immunoblotting 
techniques,  protein  B  is  Na+,K  +  -ATPase,  and  proteins  labeled  S  and  T  are  y 
and  )8  actin,  respectively.  Figure  14.11  illustrates  the  time  course  of 
[35S]methionine  incorporation  into  6-day  p.c.  blastocyst  tissue.  The  rate  of 
specific,  TCA-precipitable  35S  incorporation  was  essentially  linear  over  the 
3-h  incubation  period  and  averaged  360,000  dpm  per  blastocyst  per  hour. 

The  incorporation  rate  of  [35S]methionine  into  total  blastocyst  tissue  pro¬ 
tein  at  4,  5,  6,  and  7  days  after  fertilization  is  shown  in  Figure  14.12.  Incorpo¬ 
ration  increases  approximately  eight-fold  between  days  4  and  5  p.c.,  2.5-fold 
between  days  5  and  6,  and  then  decreases  four-fold  by  day  7.  This  same 
general  pattern  is  seen  when  examining  individual  protein  spots  (Fig.  14.13). 
The  developmental  significance  of  the  reported  decrease  in  [33S]methionine 
incorporation  rate  by  7-day  p.c.  blastocysts  is  unclear.  Significant  shifts  in 
the  metabolic  activities  of  the  predominant  trophoblast  cells  in  preparation 
for  implantation,  that  is,  changes  in  protein  turnover  and/or  degradation. 
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Figure  14.11.  Time  course  incorporation  of  |''S|methionine  into  total  protein  pool  of  6-day 
p.c.  rabbit  embryos.  TCA  precipitable  radioactivity  (•)  was  linear  over  3-h  incubation  period 
(correlation  coefficient  =  .98).  Non-TCA-precipitable  |"S|  radioactivity  associated  with  blasto¬ 
cyst  tissue  (O)  and  total  dpm's  associated  with  the  zona  pellucida  (A)  represent  nonspecific 
uptake.  This  component  of  uptake  saturated  within  30  min  and  thereafter  remained  constant. 


may  account  for  this  observation.  Studies  are  underway  to  investigate  these 
possibilities. 

Statistical  analysis  shows  that  the  protein  synthetic  rate  versus  develop¬ 
mental  age  data  for  all  of  the  individual  proteins  examined  can  be  fit  to  a 
quadratic  equation  using  orthogonal  regression  analysis  (see  Figs.  14.12  and 
14.13).  A  comparison  of  the  linear  regression  coefficients  of  the  different 
proteins  indicates  the  relative  degree  of  protein  synthetic  rate,  that  is,  the 
higher  the  linear  regression  coefficient,  the  greater  the  increase  in  rate  of 
synthesis  between  days  4  and  7  p.c.  Figure  14. 14  ranks  the  linear  regression 
coefficient  for  all  of  the  20  proteins  examined  in  relation  to  one  another. 
Further  statistical  comparisons  between  each  protein  suggest  that  certain 
proteins  can  be  grouped  according  to  the  similarity  of  their  pattern  of  chang¬ 
ing  rates  of  protein  synthesis.  In  Fig.  14.14,  of  the  20  proteins  examined, 
proteins  A  and  W  have  the  greatest  increase  in  synthetic  rate,  whereas 
proteins  H,  G,  and  R  the  lowest.  Of  particular  importance  is  the  observation 
that  the  synthetic  rate  of  Na+,K+-ATPase,  protein  B,  increases  90-foid  be- 
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Figure  14.12.  The  rate  of  incorporation  of  |’\S|methionine  into  to'...  blastocyst  tissue  protein  at 
4.  5.  b  ansi  7  days  p.c.  (expressed  as  femlomoles  per  blastocyst  per  hour,  log  scale). 


tween  day  4  and  day  6  of  development.  This  large  increase  in  Na+,K+- 
ATPase  synthesis  parallels  the  period  of  maximal  blastocyst  expansion  and 
blastocoele  fluid  accumulation.  Also  note  that  proteins  S  and  T,  the  struc¬ 
tural  proteins  y  and  (3  actin,  are  grouped  together,  whereas  protein  B,  the 
Na*  ,Kv-ATPase,  is  categorized  in  another  group.  We  suggest  that  these 
differential  patterns  of  protein  synthesis  may  be  indicative  of  the  simulta¬ 
neous  reading  of  the  genome  for  coding  of  a  group  of  particular  proteins  for  a 
specified  function,  for  example,  membrane  transport  proteins  and  structural 
proteins. 

Since  our  primary  objective  is  to  correlate  developmental  changes  of 
epithelial  transport  activity  with  alterations  in  plasma  membrane  protein 
composition,  we  decided  to  take  advantage  of  the  geometry  of  the  blastocyst 
system  and  differentially  label  apical  or  basolateral  membrane  proteins  with 
125 1  using  the  glucose-glucose  oxidase-lactoperoxidase  reagent  system. 
Blastocysts  were  either  radiolabeled  on  their  apical  surface  by  incubation  in 
a  solution  containing  100  ptCi  Na  ,2M.  20  1U  lactoperoxidase,  2  1U  glucose 
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Figure  14.13.  Comparison  of  | "Sjmelhionine  incorporation  rales  into  four  major  blastocyst 
proteins  versus  developmental  age.  Legend:  (■)  protein  T  ( fi  actin):  (•)  protein  S  (y  actin):  (' )) 
protein  B  (Na'.K'-ATPase):  (A)  protein  A  (350,000  dalton  unknown  protein). 


oxidase  per  milliliter  of  phosphate-buffered  saline  plus  5  m M  glucose,  or 
microinjected  with  these  reagents,  thereby  labeling  protein  constituents  of 
the  basolateral  plasma  membranes.  After  extensive  washing  with  ice-cold 
saline  containing  0.1  m M  Nal  and  0.5  mM  phenylmethylsulfonyl  fluoride, 
the  blastocyst  tissues  were  homogenized  and  their  proteins  solubilized  and 
subjected  to  one-  and  two-dimensional  gel  electrophoresis  and  subsequent 
autoradiographic  analysis.  Labeled  apical  membrane  components  were 
characterized  by  three  major  bands  with  apparent  molecular  weights  be¬ 
tween  45.000  and  85,000  daltons.  In  contrast,  iodinated  basolateral  mem¬ 
branes  displayed  a  more  varied  pattern  of  labeled  proteins  with  several 
major  components  resolved  between  25,000  and  130,000  daltons.  Two-di¬ 
mensional  separation  of  iodinated  blastocyst  membrane  proteins  revealed 
10-20  polypeptides  which  were  characteristic  of  their  apical  or  basolateral 
domain  (Fig.  14.15).  We  are  at  present  comparing  apical  and  basolateral 
membrane  protein  composition  in  different-aged  embryos  in  an  attempt  to 
define  qualitative  and  quantitative  changes  in  the  developmental  expression 
of  trophectodermal  membrane  constituents. 
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Figure  14,14.  Orthogonal  linear  regression  coefficients  determined  from  best-fit  curves  of 
developmental  protein  synthesis  patterns  of  the  type  shown  in  Figure  14.13,  for  each  of  the  20 
actively  synthesized  proteins.  See  text  for  details. 
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Figure  14.15.  Two-dimensional,  silver-stained  gel  of  fi-day  p.c.  rabbit  blastocyst  proteins. 
Befoie  protein  solubilization,  apical  or  basolateral  plasma  membranes  were  enzymatically  iodi- 
nated  (IJ,I)  using  the  glucose-glucose  oxidase-lactoperoxidase  system.  Arrows  pointing  right 
indicate  apical  membrane  proteins;  arrows  pointing  left  indicate  basolateral  membrane  proteins. 
Membrane  localization  of  these  proteins  was  assessed  from  simultaneously  run  autoradio¬ 
graphs. 
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4.  SUMMARY 

It  is  well  established  that  the  trophectoderm  of  the  preimplantation  rabbit 
blastocyst  can  actively  transport  solutes  that,  in  turn,  are  believed  to  medi¬ 
ate  the  accumulation  of  blastocoelic  fluid.  Consequently,  the  rabbit  blasto¬ 
cyst  serves  as  an  ideal  model  to  investigate  epithelial  transport  mechanisms 
during  embryonic  development.  The  trophectoderm  is  considered  to  be  an 
electrically  “tight”  epithelium,  as  values  for  the  transepithelial  electrical 
resistance  and  potential  difference  are  high  for  both  day-6  and  day-7  p.c. 
blastocysts.  However,  during  development  the  trophectoderm  displays 
marked  changes  in  epithelial  transport  properties,  particularly  between  day  6 
and  day  7  p.c.  These  changes  (see  Fig.  14.1)  are  characterized  by  ( I )  the  loss 
of  a  Na^-dependent  methionine  transport  mechanism,  (2)  the  development 
of  an  amiloride-sensitive  component  to  Na v  influx,  (3)  a  decrease  in  ouabain- 
sensitive  oxygen  consumption  with  a  concomitant  increase  in  ouabain  bind¬ 
ing,  and  (4)  the  acquisition  of  a  furosemide-sensitive  NaCI  cotransport  sys¬ 
tem.  During  this  period  the  rate  of  fluid  accumulation  doubles,  resulting  in  a 
five-fold  increase  in  blastocoele  volume.  We  have  also  presented  results 
showing  that  individual  proteins  of  expanding  blastocysts  can  be  grouped 
with  respect  to  their  synthetic  rates  and  that  plasma  membrane  proteins  can 
be  uniquely  characterized  by  their  apical  and  basolateral  domains.  We  sug¬ 
gest  that  the  dramatic  changes  in  epithelial  transport  mechanisms  observed 
during  preimplantation  development  of  the  rabbit  blastocyst  are  a  conse¬ 
quence  of  the  changing  developmental  expression  of  trophectodermal  mem¬ 
brane  constituents.  The  blastocyst  tissue  is  thus  a  useful  model  not  only  for 
understanding  epithelial  transport  function  in  general,  but  also  for  under 
standing  the  physiological  events  associated  with  normal  embryonic  devel¬ 
opment. 
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The  development  of  skeletal  muscle  has  been  studied  extensively,  in  part, 
because  it  provides  an  excellent  example  of  a  target  tissue  with  neuronal 
regulation.  A  wide  variety  of  muscle  cell  properties  is  regulated  by  innerva¬ 
tion,  including  the  principal  proteins  involved  in  impulse  transmission:  the 
acetylcholine  receptor,  acetylcholinesterase,  and  voltage-sensitive  sodium 
channel  (for  reviews  see  refs.  7,  12,  29).  In  mammalian  muscle  each  of  these 
cell  surface  proteins  has  a  functionally  active  embryonic  counterpart  which 
is  present  in  fetal  muscle  prior  to  innervation  and  reappears  upon  denerva¬ 
tion  of  adult  muscle  (7,  12,  29.  42).  In  rat  skeletal  muscle  the  embryonic  and 
adult  forms  of  the  voltage-sensitive  sodium  channel  can  be  distinguished  by 
their  affinity  for  the  potent  neurotoxins  tetrodotoxin  (TTX)  and  saxitoxin 
(STX).  These  toxins  have  a  high  affinity  for  a  common  receptor  site  on  the 
voltage-sensitive  sodium  channel  of  adult  muscle  at  which  they  bind  and 
block  ionic  flux  at  nanomolar  concentrations  (25,  31).  This  adult  form  has 
been  termed  the  TTX-sensitive  sodium  channel. 

Uninnervated  fetal  (2,  18,  33,  37)  and  denervated  adult  (26.  30)  muscle 
possess  a  second  type  of  voltage-sensitive  sodium  channel  which  requires  a 
200-fold  higher  concentration  of  TTX  to  block  ionic  flux  and  action  poten¬ 
tials.  This  embryonic  form  of  the  channel  has  been  termed  the  TTX-insensi- 
tive  sodium  channel.  Although  the  presence  of  the  TTX-insensitive  channel 
is  clearly  related  to  the  absence  of  innervation,  the  regulatory  influence  of 
the  motor  neuron  on  the  development  of  TTX-sensitive  channels  has  not 
been  well  defined.  Previous  studies  indicate  that  denervation  of  adult  muscle 
causes,  at  most,  a  partial  reduction  of  the  sarcolemmal  density  of  TTX- 
sensitive  sodium  channels  (1,  14,  32).  The  studies  presented  in  this  chapter 
were  designed  to  define  more  clearly  the  factors  that  influence  the  develop¬ 
ment  of  the  TTX-sensitive  sodium  channel  in  skeletal  muscle. 


1.  DEVELOPMENT  OF  TTX-SENSITIVE  Na+ 
CHANNELS  IN  VIVO 

The  development  in  vivo  of  TTX-sensitive  channels  was  studied  using  the  rat 
triceps  surae  muscle.  The  sarcolemmal  density  of  TTX-sensitive  channels 
was  quantitated  as  a  function  of  postnatal  age  by  measuring  the  specific 
binding  of  [’HjSTX  (1,  36).  This  technique  has  been  shown  by  a  number  of 
investigators  to  give  a  reliable  estimate  of  the  total  number  of  TTX-sensitive 
Naf  channels  (25,  31).  The  muscle  was  homogenized  and  incubated  with 
FHjSTX  for  30  min  at  0°C.  The  muscle  membranes  were  then  collected  on 
glass  fiber  filters  and  washed  to  remove  unbound  PH]STX.  Nonspecific 
binding  was  determined  by  including  excess  TTX  in  the  incubation  medium. 
Figure  15.1a  shows  the  total  and  nonspecific  binding  of  (’HJSTX  to  adult 
triceps  surae  at  a  range  of  ['HJSTX  concentrations.  Nonspecific  binding  is 
unaffected  by  TTX  and  increases  linearly  with  |'H]STX  concentration  (31). 
The  specific  binding  is  the  difference  between  the  total  and  nonspecific  bind- 
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Figure  15.1.  Binding  of  |'H)STX  to  TTX-sensitive  sodium  channels  in  adult  triceps  surae.  (</) 
Muscle  homogenates  were  incubated  with  increasing  concentrations  of  I'HJSTX  (•)  or 
I'HISTX  plus  2  fiM  TTX  (O)  at  ()°C.  and  bound  ('H|STX  was  measured  by  rapid  filtration,  (h) 
Specific  binding  was  calculated  from  the  data  in  (</)  and  is  presented  as  a  Scatchard  plot.  The 
units  shown  on  the  abcissa  are  femtomoles  per  milligram  wet  weight  per  nanomolar  concentra¬ 
tion.  Least  squares  analysis  gave  values  of:  K»  =  2.9  nM  and  Bm.,x  =  21  fmol/mg  wet  wl. 


ing  and  is  plotted  according  to  Scatchard  in  Fig.  l5.l/>.  The  data  are  best  fit 
by  straight  line,  indicating  the  presence  of  a  single  class  of  saturable,  high 
affinity  ( K/>  =  2.9  nM)  receptor  sites.  The  total  binding  capacity  (£niax)  is 
21.7  fmol/mg  wet  weight.  Similar  experiments  using  adult  rat  diaphragm  as 
the  muscle  source  gave  values  of  K/,  =  3.3  nM  and  Bmn  =  24  fmol/mg  wet 
weight.  These  values  are  in  good  agreement  with  values  previously  reported 
for  rat  leg  muscle  (I)  and,  also,  with  values  measured  in  whole  diaphragm 
(32)  and  small  pieces  of  muscle  (14).  indicating  homogenization  did  not 
adversely  affect  the  STX  receptor. 

To  study  the  development  of  the  TTX-sensitive  channel,  an  estimate  of 
Bmilx.  as  a  function  of  postnatal  age,  was  obtained  by  assaying  binding  at  15 
n M  I'HISTX  in  the  absence  and  presence  of  2  /xM  TTX.  At  this  concentra¬ 
tion  83 %  of  the  receptors  will  have  bound  [’HjSTX.  Higher  concentrations, 
although  they  saturate  a  greater  percentage  of  the  sites,  give  a  less  favorable 
ratio  of  specific  to  nonspecific  binding.  Figure  15.2  illustrates  the  time  course 
of  the  appearance  of  high-affinity  pH]STX  binding  sites  for  both  diaphragm 
and  triceps  surae.  For  triceps  surae,  binding  was  approximately  10%  of  the 
adult  value  at  day  3,  the  earliest  age  assayed,  and  increased  in  a  roughly 
linear  fashion  until  the  adult  value  of  21  fmol/mg  wet  wt.  was  reached  at  day 
21.  For  diaphragm,  a  similar  linear  development  was  observed,  occurring 
approximately  3  days  earlier  than  in  triceps  surae.  Although  a  detailed  study 
of  Kn  as  a  function  of  age  was  not  performed,  binding  was  measured  at  25 
nM  |'H|STX  as  well  as  15  n M  in  some  experiments,  and  the  results  indicated 
that  15  n  M  gave  at  least  83%  saturation  of  the  STX  receptor  sites  throughout 
the  developmental  time  course.  The  changes  observed  therefore  represent 
changes  in  Bmi(X  for  |'H|STX  binding. 
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Figure  15.2.  Development  of  TTX-sensitive  sodium  channels  in  vivo.  The  specific  binding  of 
|'H|STX  at  15  nW  to  homogenates  of  triceps  surae  (•)  and  diaphragm  (O)  was  determined  as  a 
function  of  postnatal  age.  The  error  bars  denote  ±  s.e.m.  for  data  from  at  least  three  separate 
groups  of  animals. 


The  motor  neuron  has  a  profound  regulatory  effect  not  only  on  the  volt¬ 
age-sensitive  sodium  channel  but  also  on  the  acetylcholine  receptor  (AChR) 
and  acetylcholinesterase  (7,  42).  Thus  it  is  of  interest  to  compare  the  time 
course  for  changes  in  these  three  proteins  that  are  essential  for  neuromuscu¬ 
lar  transmission.  During  development  of  rat  diaphragm,  AChR’s  are  located 
along  the  entire  length  of  the  muscle  fibers.  As  development  proceeds,  extra- 
junctional  AChR’s  are  progressively  lost  until  finally  AChR’s  are  located 
only  in  the  region  of  the  neuromuscular  junction  (7).  Figure  15.3  compares 
the  developmental  increase  in  TTX-sensitive  sodium  channels  to  the  de¬ 
crease  in  extrajunctional  AChR’s.  The  solid  circles  are  the  same  data  shown 
in  Fig.  15.2  for  diaphragm.  The  open  circles  represent  the  data  of  Steinbach 
et  al.  (39),  who  used  several  methods  to  estimate  the  percentage  of  AChR’s 
that  were  extrajunctional  in  developing  rat  diaphragm.  Their  data  have  been 
averaged  and  are  represented  by  a  single  point  ±  s.e.m.  for  each  age.  As 
shown,  these  two  processes  have  a  remarkably  similar  time  course.  Both 
have  occurred  to  a  small  extent  by  birth  and  continue  in  a  roughly  linear 
fashion  for  the  next  3  weeks,  when  adult  levels  are  achieved.  The  end-plate 
specific  form  of  acetylcholinesterase  appears  in  rat  skeletal  muscles  over  a 
generally  similar  time  course  (42).  It  seems  likely  that  the  concordant  devel¬ 
opment  of  the  adult  forms  of  these  proteins  reflects  an  important  functional 
maturation  in  neuromuscular  transmission. 
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Figure  15.3.  Comparison  of  the  development  of  TTX-sensitive  sodium  channels  and  loss  of 
extrajunctional  acetylcholine  receptors.  The  specific  binding  of  |’H|STX  to  diaphragm  (•)  is 
redrawn  from  Fig.  15.2.  The  percentage  decrease  of  extrajunctional  acetylcholine  receptors  (O) 
is  derived  from  the  data  of  Steinbach  et  al.w  Error  bars  represent  ±  s.e.m. 


Since  the  motor  neuron  has  such  a  profound  regulatory  influence  on  a 
wide  variety  of  muscle  properties,  including  the  presence  of  TTX-insensitive 
sodium  channels  (2,  18,  26,  30,  33,  37)  the  effect  of  denervation  on  the 
development  of  TTX-sensitive  channels  is  of  great  interest.  Previous  studies 
of  the  effects  of  denervation  of  adult  skeletal  muscle  on  the  density  of  TTX- 
sensitive  sodium  channels  are  not  in  close  agreement.  Recent  voltage  clamp 
studies  indicate  that  after  denervation  at  least  75%  of  the  sodium  current  is 
carried  by  the  TTX-sensitive  sodium  channel  (26).  Hansen  Bay  and  Stri- 
chartz  (14)  found  that  denervation  of  the  extensor  digitorum  longus  of  rat 
caused  a  20%  decrease  in  pH]STX  binding  per  milligram  wet  weight,  but 
this  decrease  was  not  considered  statistically  significant.  Ritchie  and  Rogart 
(32)  found  a  32%  decrease  in  [’HJSTX  binding  to  intact  rat  diaphragm  but 
attributed  this  to  postdenervation  swelling  of  the  muscle  fibers,  and  they 
concluded  that  there  was  no  change  in  the  sarcolemmal  density  of  the  TTX- 
sensitive  sodium  channels.  On  the  other  hand,  Barchi  and  Weigelc  (1)  found 
that  denervation  produced  a  43%  decrease  in  the  binding  of  pHJSTX  to 
sarcolemmal  membranes  isolated  from  rat  gastrocnemius  and  tibialis.  In  no 
case  was  a  significant  change  in  the  K|>  for  pHJSTX  binding  reported.  This 
latter  study  suggests  that  denervation  produces  a  true  change  in  the  sarco¬ 
lemmal  density  of  TTX-sensitive  Naf  channels.  Thus,  to  define  more  clearly 
the  role  of  innervation  in  the  regulation  of  these  channels,  we  have  investi- 
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gated  the  effects  of  denervation  on  the  density  of  |  )STX  binding  sites  in  rat 
triceps  surae  at  several  points  during  the  developmental  time  course  defined 
in  Fig.  15.2.  Figure  15.4  shows  the  results  of  experiments  in  which  the 
triceps  surae  was  denervated  unilaterally  at  postnatal  day  17.  After  a  short 
lag  period,  the  site  density  in  denervated  muscle  begins  a  gradual  decline 
that  continues  for  the  next  6  days  until  a  plateau  is  reached  at  9.2  fmol/mg 
wet  wt  or  47%  of  the  adult  value.  The  values  for  the  contralateral  control 
muscles  are  in  close  agreement  with  the  data  for  normal  development  as 
illustrated  in  Fig.  15.4. 

The  results  of  similar  experiments  in  which  the  triceps  surae  was  dener¬ 
vated  at  day  1 1  are  shown  in  Fig.  15.5.  The  STX  receptor  site  density  of  the 
denervated  muscles  exhibits  a  gradual  increase  from  8.4  to  10.4  fmol/mg  wet 
wt  over  the  ensuing  10  days.  The  contralateral  control  muscles  remained 
within  the  range  of  normal  development.  Thus,  denervation  at  day  1 1  blocks 
essentially  all  further  TTX-sensitive  channel  development  leading  to  a  pla¬ 
teau  of  53%  of  the  adult  level.  The  changes  in  STX  binding  induced  by 
denervation  could  reflect  a  markedly  decreased  affinity  for  STX  rather  than 
a  reduction  in  the  total  site  density.  To  exclude  this  possibility,  the  KD  and 
BmdX  values  for  STX  binding  to  muscles  denervated  at  day  1 1  and  contralat¬ 
eral  control  muscles  were  determined  at  day  23  by  Scatchard  analysis  (Fig. 
15.6).  The  Kd  values  were  found  to  be  2.9  n M  in  each  case,  whereas  J?max 


Figure  15.4.  Effect  of  denervation  at  day  17  in  the  development  of  TTX-sensitive  sodium 
channels.  The  triceps  surae  of  17-day-old  animals  were  denervated  unilaterally  by  section  of  the 
sciatic  nerve.  The  muscles  were  removed  at  various  times  after  denervation,  and  the  specific 
binding  of  t’HISTX  at  15  nW  was  determined  (A).  The  contralateral  triceps  surae  served  as  the 
control  (▲  and  is  compared  with  the  normal  developmental  time  course  redrawn  from  Fig 
15.2  (•).  Error  bars  represent  ±  s.e.m.  of  four  experiments. 
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Figure  15.5.  Effect  of  denervation  at  day  1 1  on  the  development  of  TTX-sensitive  sodium 
channels.  The  triceps  surae  of  day  1 1  animals  were  denervated.  The  muscles  were  removed  at 
various  times  after  denervation,  and  the  specific  binding  of  I'HISTX  at  15  n M  was  determined 
(A).  The  contralateral  triceps  surae  served  as  control  {▲)  and  is  compared  to  the  normal 
developmental  time  course  (•)  which  is  redrawn  from  Fig.  15.2.  The  error  bars  represent  ± 
s.e.m.  from  three  experiments. 


Figure  15.6.  Effect  of  denervation  on  day  1 1  of  the  affinity  of  I'HISTX  for  its  receptor.  Triceps 
surae  muscles  were  denervated  unilaterally  on  postnatal  day  1 1  and  removed  1 1  days  later.  The 
contralateral  triceps  surae  served  as  controls.  Specific  binding  of  I'HISTX  was  determined  at 
concentrations  ranging  from  t  to  30  n M  and  is  presented  as  a  Scatchard  plot.  Denervated 
muscles  (•)  gave  values  of  Kd  =  2.9  n M  and  B^x  =  16.8  fmol/mg  wet  wt.  Control  muscles  (O) 
gave  values  of  K0  =  2.9  nM  and  =  25  fmol/mg  wet  wt. 
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decreased  from  25  to  16.5  fmol/  mg  wet  wt.  This  indicates  that  denervation 
causes  a  true  reduction  in  the  number  of  TTX-sensitive  channels. 

In  contrast  to  denervation  at  day  1 1  and  17,  denervation  at  day  5  had  a 
biphasic  effect.  From  day  5  through  day  9,  STX  receptor  density  increased 
at  a  similar  rate  in  both  control  and  denervated  muscles  (Fig.  15.7).  From 
day  9  through  day  13,  STX  receptor  density  actually  increased  more  rapidly 
in  denervated  muscles  than  in  controls.  This  increased  rate  of  development 
led  to  a  statistically  significant  increase  in  receptor  levels  on  days  1 1  through 
15  in  denervated  muscle  as  compared  with  control  muscles  (p  <  .01,  Stu¬ 
dent’s  f-test).  Throughout  the  entire  developmental  time  course,  the  STX 
receptor  densities  for  contralateral  control  muscles  were  within  the  range  of 
values  observed  for  normal  animals.  Thus  our  results  show  that  continuing 
innervation  is  not  required  for  the  first  phase  of  development  of  TTX-sensi- 
tive  channels  from  day  5  to  13  after  birth  and  actually  slows  the  appearance 
of  TTX-sensitive  channels  on  days  9  through  13. 

In  muscles  denervated  at  day  5,  however,  the  development  of  STX  recep¬ 
tor  sites  stops  abruptly  on  day  13  (Fig.  15.7)  and  begins  a  gradual  decline.  By 
day  17,  the  STX  receptor  site  density  has  dropped  below  that  of  controls  and 
eventually  reaches  a  plateau  value  of  11.1  fmol/mg  wet  wt,  or  57%  of  the 
final  adult  value.  Thus,  as  observed  in  muscles  denervated  at  days  1 1  or  17, 
continuing  innervation  is  required  for  maintenance  of  a  STX  receptor  site 


Figure  15.7.  Effect  of  denervation  at  day  5  on  the  development  of  TTX-sensitive  sodium 
channels.  The  triceps  surae  of  5-day  animals  were  denervated  unilaterally.  The  denervated 
muscles  were  removed  at  various  times  after  denervation,  and  the  specific  binding  PHJSTX  was 
determined  at  15  nM  (A).  The  contralateral  triceps  surae  served  as  control  (▲)  and  is  compared 
with  the  normal  developmental  time  course  (•)  redrawn  from  Fig.  15.2.  The  error  bars  repre¬ 
sent  ±  s.e.m.  of  three  experiments. 
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density  above  approximately  1 1  fmol/mg  wet  wt.  Denervation  at  day  5,  II. 
or  17  results  in  TTX-sensitive  channel  development  to  approximately  the 
same  final  plateau  level  of  47-57%  of  the  adult  value. 

These  results  define  a  biphasic  regulation  of  appearance  of  TTX-sensitive 
channels  by  innervation.  Continuing  innervation  is  not  required  for  develop¬ 
ment  of  high-affinity  STX  receptor  sites  from  days  5-1 1  after  birth  and 
actually  slows  the  increase  in  site  density  on  days  9-1 1.  The  initial  innerva¬ 
tion-independent  phase  of  development  results  in  the  appearance  of  47-57% 
of  the  adult  complement  of  TTX-sensitive  channels.  This  critical  density  of 
TTX-sensitive  channels  is  reached  after  denervation  at  5.  11,  or  17  days. 
After  day  11,  continuing  innervation  is  required  for  the  development  and 
maintenance  of  a  STX  receptor  site  density  greater  than  1 1  fmol/mg  wet  wt. 
This  second  innervation-dependent  phase  of  development  results  in  the 
achievement  of  the  adult  complement  of  TTX-sensitive  channels  by  postna¬ 
tal  day  25.  It  is  probable  that  the  loss  of  up  to  40%  of  STX  receptor  sites 
upon  denervation  of  adult  muscle  ( 1 ,  14,  32)  also  represents  a  reversal  of  the 
second,  innervation-dependent  phase  of  development.  Since  the  complete 
time  course  of  the  effect  of  denervation  was  not  determined  in  the  previous 
studies  of  adult  muscle  (I,  14,  32),  the  values  reported  may  not  reflect  the 
final  extent  of  the  receptor  site  decrease. 


2.  TTX-SENSITIVE  AND  INSENSITIVE  SODIUM 
CHANNELS  IN  CULTURED  RAT  MUSCLE  CELLS 

Myocytes  obtained  from  enzymatically  dissociated  fetal  muscle  and  main¬ 
tained  under  tissue  culture  conditions  have  been  studied  extensively  since 
they  undergo  many  of  the  same  maturational  changes  that  occur  in  vivo.  As 
observed  during  normal  myogenesis,  cultured  myocytes  fuse  together  to 
form  multinucleate  myotubes  (43),  they  express  the  muscle-specific  proteins 
necessary  for  contraction  (34),  and  they  form  functional  synapses  with  cho¬ 
linergic  neurons  (8).  Since  a  wide  variety  of  experimental  manipulations  that 
are  not  feasible  in  the  whole  animal  can  be  easily  performed  in  vitro,  these 
cultured  muscle  cells  may  provide  a  useful  model  system  for  the  study  of  the 
development  and  regulation  of  voltage-sensitive  Na+  channels.  Of  course,  it 
is  first  necessary  to  characterize  fully  the  voltage-sensitive  Na+  channels 
present  in  vitro. 

In  previous  electrophysiological  and  ion  flux  studies  of  cultured  rat  mus¬ 
cle  cells  (2,  18,  20,  33,  37),  only  TTX-insensitive  Na+  channels  were  de¬ 
tected.  Since  we  found  an  innervation-independent  phase  of  development,  it 
was  of  interest  to  examine  cultured  rat  muscle  cells  more  closely  for  the 
presence  of  TTX-sensitive  channels.  Our  more  recent  studies  demonstrate 
the  coexistence  of  TTX-sensitive  and  TTX-insensitive  Na+  channels  in  pri¬ 
mary  cultures  of  fetal  rat  muscle  and  compare  their  neurotoxin-binding  char¬ 
acteristics  and  developmental  regulation  (35). 
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To  detect  a  small  number  of  TTX-sensitive  Na*  channels  directly,  spe¬ 
cific  binding  of  {’HISTX  in  homogenates  of  cultured  fetal  muscle  cells  was 
measured  using  the  same  methods  described  earlier  for  muscle  from  postna¬ 
tal  rats.  Since  technical  difficulties  prevent  the  accurate  measurement  of  the 
wet  weight  of  cultured  cells,  the  density  of  binding  sites  present  in  vitro  is 
expressed  and  compared  to  whole  muscle  on  the  basis  of  femtomoles  per 
milligram  of  total  cellular  protein.  Figure  15.8a  shows  the  total  and  nonspe¬ 
cific  binding  of  pHJSTX  to  a  homogenate  of  fetal  rat  muscle  cells  maintained 
in  culture  for  1 1  days.  In  Fig.  1 5.8/?,  the  specific  binding  has  been  calculated 
from  the  data  in  Fig.  15.  la  and  is  presented  as  a  Scatchard  plot.  The  data  are 
best  fit  by  a  straight  line  which  indicates  that  there  is  a  single  class  of 
saturable  sites  with  KD  =  9.6  n M  at  36°C.  At  0°C,  the  KD  for  STX  is  3  n M 
(data  not  shown).  In  the  experiment  of  Fig.  15.8,  the  total  number  of  these 
high-affinity  sites  was  72.4  fmol/mg  protein.  The  average  of  six  separate 
experiments  gave  a  value  for  the  total  number  of  STX  receptors  of  69.3  ± 
11.3  fmol/mg  protein.  The  affinity  of  TTX  for  these  receptor  sites  can  be 
determined  by  measuring  the  displacement  of  specifically  bound  |  3H)STX  by 
increasing  concentrations  of  TTX.  The  Kn  for  TTX  measured  by  this  com¬ 
petitive  inhibition  of  [3H]STX  binding  was  found  to  be  39.2  n M  (data  not 
shown,  see  ref.  35). 

These  results  indicate  that  high-affinity  STX  receptors,  similar  to  those 
found  in  adult  skeletal  muscle,  are  present  in  substantial  numbers  in  uninner¬ 
vated  cultured  fetal  muscle  cells.  The  Kd  values  for  pHJSTX  and  TTX  bind¬ 
ing  are  in  good  agreement  with  values  reported  for  adult  muscle  (1,  14,  32), 
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Figure  15.8.  Binding  of  PHJSTX  to  TTX-sensitive  sodium  channels  in  homogenates  of  cul¬ 
tured  fetal  rat  muscle,  (a)  Muscle  homogenates  were  incubated  with  increasing  concentrations 
of  |'H|STX  (•)  or  |'H]STX  plus  2  fiM  TTX  (O)  and  the  bound  |'H)STX  determined  by  rapid 
filtration.  ( b )  Specific  binding  was  calculated  from  the  data  in  (a)  and  is  presented  as  a  Scatchard 
plot.  The  units  shown  on  the  abscissa  are  femtomoles  per  milligram  protein.  The  units  shown  on 
the  ordinate  are  femtomoles  per  milligram  per  nanomolar  concentration.  Least  squares  analysis 
gave  values  of:  KD  =  9,6  n M  and  =  72  fmol/mg  protein. 


2.  TTX-SENSITIVE  AN1J  INSENSITIVE  SOUIl/M  CHANNELS 


247 


and  the  density  of  high-affinity  STX  receptors  on  cultured  muscle  cells  rep¬ 
resents  58  ±  9.2%  of  the  adult  density  when  compared  on  the  basis  of  femto- 
moles  ['HJSTX  bound  per  milligram  protein.  Although  cultured  fetal  and 
normal  adult  muscle  may  differ  with  respect  to  the  ratio  of  sarcolemmal 
surface  area  to  total  fiber  protein,  it  seems  clear  that  the  number  of  high- 
affinity  STX  receptors  in  cultured  fetal  rat  muscle  cells  represents  a  substan¬ 
tial  fraction  of  the  adult  density. 

In  other  experiments,  in  which  ['HJSTX  binding  to  intact  monolayers  of 
cultured  muscle  cells  was  measured,  Scatchard  analysis  gave  values  of 
48.6  ±11.6  fmol/mg  protein.  The  ratio  of  specific  to  nonspecific  binding  was 
lower  in  these  experiments,  and  the  results  from  intact  cells  are  therefore 
less  accurate  than  the  results  from  binding  experiments  performed  with  mus¬ 
cle  cell  homogenates.  Nevertheless,  these  results  indicate  that  most,  if  not 
all,  of  the  high-affinity  STX  receptors  are  present  on  the  surface  of  the 
muscle  cells  as  in  adult  muscle. 

Since  the  TTX-insensitive  sodium  channels  in  these  rat  muscle  cells  have 
a  K]  for  STX  of  0.25  /xM  (35),  only  2%  of  these  sites  will  be  occupied  at  the 
highest  concentrations  of  STX  used  in  our  binding  experiments.  At  concen¬ 
trations  of  ['HJSTX  high  enough  to  occupy  a  substantial  fraction  of  these 
sites,  the  nonspecific  component  of  toxin  binding  becomes  so  large  that 
specific  binding  to  these  low-affinity  sites  is  obscured.  Therefore,  TTX- 
insensitive  sodium  channels  in  these  muscle  cells  are  best  studied  by  ion  flux 
procedures. 

Muscle  fibers  newly  formed  in  vitro  contract  spontaneously.  Sodium 
channels  are  required  for  this  spontaneous  activity  since  it  is  inhibited  by 
TTX.  To  examine  the  physiological  role  of  TTX-sensitive  and  -insensitive 
sodium  channels  in  this  contractile  activity,  we  have  studied  the  effect  of 
increasing  concentrations  of  TTX  on  spontaneous  muscle  cell  contraction. 
In  the  dense  cultures  of  muscle  cells  that  are  optimal  for  our  biochemical 
experiments,  the  myotubes  in  a  single  microscopic  field  usually  contract 
synchronously.  The  effect  of  TTX  is  an  all-or-none  inhibition  of  the  contrac¬ 
tion  of  the  group  of  cells  rather  than  a  progressive  reduction  in  contractile 
rate.  Therefore  we  measured  the  fraction  of  multiwell  cultures  that  con¬ 
tracted  spontaneously  in  the  presence  of  increasing  TTX  concentrations 
(Fig.  15.9).  Spontaneous  contraction  was  inhibited  with  a  Kj  =  26  n M.  This 
inhibition  was  reversible;  after  extensive  washes  contractile  activity  re¬ 
turned  to  control  values.  The  inset  in  Fig.  15.9  shows  an  Eadie-Hofstee  plot 
of  these  data.  The  points  are  best  fit  by  a  straight  line,  indicating  that  a  single 
class  of  sites  is  responsible  for  the  inhibition  of  contraction.  The  Kj  of  TTX 
for  inhibition  of  spontaneous  contractile  activity  agrees  well  with  its  KD 
derived  from  ['HJSTX  displacement.  This  is  consistent  with  the  conclusion 
that  TTX-sensitive  Na+  channels  are  required  for  spontaneous  contractile 
activity  and  indicates  that  the  high-affinity  ['HJSTX-binding  sites  present  in 
these  cells  are  associated  with  physiologically  active  Na+  channels. 

The  voltage-sensitive  Na+  channels  present  in  monolayers  of  cultured 
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Figure  15.9.  Inhibition  of  spontaneous  contractile  activity  determined  in  the  presence  of  in¬ 
creasing  concentrations  of  TTX  as  described  in  the  text.  In  the  inset  the  data  are  redrawn  as  an 
Eadie-Hofstee  plot.  The  K|  calculated  from  these  data  is  26  n M. 


cells  may  be  effectively  studied  using  ion  flux  techniques  (2,  20,  33,  37).  The 
influx  of  22Na+  that  is  mediated  by  voltage-sensitive  Na+  channels  can  be 
readily  quantitated  when  these  channels  have  been  persistently  activated  by 
neurotoxins.  When  the  rate  of  22Na+  influx  is  measured  under  conditions  of 
constant  membrane  potential,  the  values  obtained  accurately  reflect  the  den¬ 
sity  of  voltage-sensitive  Na+  channels  present  (20). 

At  least  three  distinct  neurotoxin  receptor  sites  are  present  on  both  TTX- 
sensitive  and  -insensitive  channels  (4).  STX  and  TTX  block  ionic  flux  by 
binding  to  neurotoxin  receptor  site  1 .  As  described  earlier,  the  large  differ¬ 
ences  in  the  affinity  of  these  toxins  for  receptor  site  I  are  useful  in  differenti¬ 
ating  the  adult  (TTX-sensitive)  and  embryonic  (TTX-insensitive)  forms  of 
the  voltage-sensitive  Na+  channel.  The  alkaloids  veratridine  and  batracho- 
toxin  bind  at  neurotoxin  receptor  site  2  and  exert  similar  effects  on  both 
TTX-sensitive  and  -insensitive  Na+  channels  (20).  These  toxins  both  shift 
the  voltage  dependence  of  activation  and  block  inactivation  and  thereby 
cause  persistent  activation  of  Na+  channels  at  the  resting  membrane  poten¬ 
tial  (4).  Polypeptide  toxins  isolated  from  scorpion  venoms  or  sea  anemone 
nematocysts  bind  at  neurotoxin  receptor  site  3,  inhibit  sodium  channel  inac¬ 
tivation,  and  enhance  the  persistent  activation  of  sodium  channels  produced 
by  alkaloid  toxins  (4).  TTX-sensitive  sodium  channels  in  nerve  cells  bind 
scorpion  toxin  with  high  affinity  and  sea  anemone  toxin  with  relatively  low 
affinity  (4,  5).  In  contrast,  TTX-insensitive  sodium  channels  in  cultured  rat 
muscle  cells  have  higher  affinity  for  sea  anemone  toxin  II  than  for  scorpion 
toxin  (20,  21).  Thus,  in  comparison  to  sodium  channels  in  nerve,  the  toxin¬ 
binding  affinity  of  TTX-insensitive  sodium  channels  in  cultured  rat  muscle 
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cells  appears  ditTerent  at  neurotoxin  receptor  site  3  as  well  neurotoxin  recep¬ 
tor  site  I . 

Figure  15.10a  shows  the  effect  of  increasing  concentrations  of  TTX  on 
"Na*  influx  stimulated  by  incubation  with  200  fiM  veratridine  plus  30  n M 
scorpion  toxin.  It  is  evident  that  inhibition  occurs  over  about  four  orders  of 
magnitude  of  TTX  concentrations,  suggesting  a  heterogeneous  population  of 
TTX  receptors.  Nearly  40%  inhibition  is  produced  by  10  7  M  TTX,  a  con¬ 
centration  that  should  inhibit  only  5%  of  influx  due  to  the  TTX-insensitive 
Na+  channel  (20,  35).  Thus,  under  these  conditions,  TTX-sensitive  sodium 
channels  are  persistently  activated.  In  Fig.  15.10/),  these  data  are  replotted 
as  an  Eadie-Hofstee  plot.  The  curvilinear  plot  indicates  the  presence  of  both 
TTX-sensitive  and  -insensitive  22Na+  influx.  A  computer-derived,  least  sum 
of  squares  fit  of  these  data  to  a  two-site  model  defines  a  high-affinity  site  with 
a  K|  of  21  n M  accounting  for  40.8%  of  the  22Na+  influx  and  a  low-affinity  site 
with  a  K|  of  1 .8  ixM  accounting  for  59.2%  of  the  22Na+  influx.  The  K|  of  the 
high-affinity  site  is  consistent  with  the  KD  of  TTX  derived  from  |3H]STX 
displacement  experiments  (39.2  n  M)  and  with  the  Kt  for  inhibition  of  sponta¬ 
neous  contractile  activity  (26  nA/,  Fig.  15.9). 

Our  experiments  clearly  show  that  uninnervated  rat  muscle  cells  cultured 
in  vitro  have  a  substantial  number  of  the  TTX-sensitive  sodium  channels 
characteristic  of  adult  muscle.  The  STX  receptor  sites  present  in  these  cells 
bind  STX  and  TTX  with  KD  values  (9.6  n M  and  39  n M  at  36°C)  that  are  very 
similar  to  those  of  adult  rat  muscle  (1,  4,  14,  31,  32).  The  binding  capacity 
expressed  in  femtomoles  per  milligram  of  protein  is  58%  of  that  of  adult 
muscle.  These  high-affinity  STX  receptors  are  associated  with  functional 
sodium  channels  since  binding  of  TTX  at  this  site  is  sufficient  to  block 
spontaneous  contraction  of  the  cultured  muscle  cells  (K|  =  26  r\M).  The 
TTX-sensitive  sodium  channels  can  be  effectively  activated  by  incubation  of 
the  cells  with  veratridine  plus  scorpion  toxin.  Under  these  conditions,  they 
contribute  40.8%  of  the  neurotoxin-activated  22Na+  influx  and  are  blocked  by 
TTX  with  a  K,  of  21  n  M. 

Since  primary  cultures  of  fetal  muscle  cells  contain  both  TTX-sensitive 
and  -insensitive  sodium  channels,  they  provide  an  excellent  system  in  which 
to  compare  the  sensitivities  of  the  two  classes  of  channels  to  various  neuro¬ 
toxins.  At  each  activating  neurotoxin  concentration,  Na+  influx  was  mea¬ 
sured  in  the  presence  and  absence  of  10  7  M  TTX.  This  concentration  should 
inhibit  85%  of  the  TTX-sensitive  influx  but  only  5%  of  the  TTX-insensitive 
influx.  Thus  TTX-sensitive  influx  is  defined  as  the  difference  between  total 
influx  and  influx  in  the  presence  of  I0-7  M  TTX.  TTX-insensitive  influx  is 
defined  as  the  difference  between  influx  in  the  presence  of  10-7  M  TTX  and 
background  influx  measured  in  the  absence  of  activating  neurotoxins.  The 
effect  of  veratridine  on  TTX-sensitive  and  -insensitive  22Na+  influx  was  de¬ 
termined  in  this  manner  over  a  concentration  range  of  10-300  \iM.  The 
TTX-sensitive  22Na+  flux  was  approximately  45%  of  the  TTX-insensitive 
influx,  or  approximately  30%  of  the  total  influx  at  all  concentrations  tested. 
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Figare  15.10.  Inhibition  of  scorpion  toxin  and  veratridine-activated  22Na*  influx  by  TTX.  (a) 
Cultured  rat  muscle  cells  were  first  incubated  with  30  n M  scorpion  toxin  plus  TTX  at  the 
indicated  concentrations.  The  initial  rate  of  22Na+  influx  was  then  measured  in  the  presence  of 
200  nM  veratridine  plus  the  indicated  concentrations  of  TTX.  Error  bars  represent  the  s.e.m.  of 
at  least  three  determinations.  ( b )  The  data  from  (a)  are  presented  as  an  Eadie-Hofstee  plot.  The 
best  fit  to  a  two-site  model  gave  K|  values  of  21  n  M  and  1.7  /i M.  accounting  for  40.8  and  59.2% 
of  the  22Na*  influx,  respectively. 
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The  K0 ,s  for  veratridine  activation  of  TTX-sensitive  and  -insensitive  chan¬ 
nels  was  51  ijlM  and  72  fiM,  respectively. 

The  alkaloid  neurotoxins  such  as  veratridine  and  batrachotoxin  are  able 
to  cause  persistent  activation  of  the  Na4  channel  and  thus  enhance  Na4 
influx  (4,  25).  In  contrast,  the  polypeptide  toxins,  scorpion  toxin  and  sea 
anemone  toxin  II,  block  sodium  channel  inactivation  but  do  not  cause  per¬ 
sistent  activation  (4).  The  polypeptide  toxins  do,  however,  enhance  the 
persistent  activation  caused  by  the  alkaloid  neurotoxins  through  the  allo¬ 
steric  coupling  of  the  polypeptide  and  alkaloid  neurotoxin  binding  sites  (4). 
In  neuroblastoma  cell  lines  (3)  and  in  synaptosomes  (19,  41)  the  polypeptide 
neurotoxins  decrease  the  K0  5  of  the  full  agonist  batrachotoxin  and  both 
reduce  Ko.j  and  increase  the  fraction  of  sodium  channels  activated  by  the 
partial  agonist  veratridine.  To  test  the  affinity  of  the  polypeptide  toxins  for 
the  TTX-sensitive  and  -insensitive  sodium  channels  in  cultured  muscle,  we 
have  investigated  their  ability  to  enhance  the  22Na+  influx  caused  by  veratri¬ 
dine.  Figure  15.11  shows  the  effect  of  increasing  concentrations  of  scorpion 
toxin  on  22Na+  influx  produced  by  50  /iM  veratridine.  Both  TTX-sensitive 
and  -insensitive  22Na+  influx  are  substantially  enhanced  (2.7  and  5.0-fold, 
respectively)  by  scorpion  toxin.  The  K<,  5  for  this  effect,  however,  is  substan- 
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Figure  15.11.  Effect  of  scorpion  toxin  on  veratridine-induced  22Na+  influx.  Cultured  muscle 
cells  were  first  incubated  with  increasing  concentrations  of  scorpion  toxin.  The  initial  rate  of 
22Na*  influx  was  then  determined  in  the  presence  of  50  /xM  veratridine  plus  the  indicated 
concentration  of  scorpion  toxin.  TTX-sensitive  and  -insensitive  components  were  determined 
by  performing  experiments  with  and  without  10  7  TTX  as  described  in  the  text.  Note  that 
different  ordinate  scales  are  used  for  TTX-sensitive  and  -insensitive  influx.  Error  bars  represent 
the  s.e.m.  of  at  least  three  separate  experiments.  The  Ko5  values  for  enhancement  of  TTX- 
sensitive  (O)  and  TTX-insensitive  (•)  Na*  influx  are  6  n M  and  150  n M,  respectively. 


252 


IJKVKUJPMKNT  OF  riVSENSITIVE  Na'  CHANNELS 


tially  different  for  the  two  types  of  Na*  channels.  The  K,)5  for  the  TTX- 
sensitive  channel  is  6  n M,  whereas  the  TTX-insensitive  channel  has  a  K(>  5  of 
150  n M.  Thus,  like  the  TTX-sensitive  sodium  channel  of  nerve,  the  TTX- 
sensitive  sodium  channel  of  cultured  rat  muscle  cells  has  high  affinity  for 
scorpion  toxin  relative  to  TTX-insensitive  sodium  channels. 

The  effect  of  sea  anemone  toxin  II  on  veratridine  activation  of  sodium 
channels  was  also  investigated.  TTX-insensitive  22Na+  flux  stimulated  by  50 
/ xM  veratridine  is  increased  nearly  2.4-fold  by  500  nM  sea  anemone  toxin  II 
(from  74.8  ±  8.3  to  207  ±  II  nmol/min  mg  protein).  TTX-sensitive  flux, 
however,  is  apparently  unaffected.  Veratridine  alone  at  50  /iM  gave  a  value 
of  22.7  ±1.1  nmol/min  mg  protein  while  50  fiM  veratridine  plus  500  n M  sea 
anemone  toxin  II  produced  a  value  of  21.9  ±  9.7  fmol/min  mg  protein.  Be¬ 
cause  of  the  large  activation  of  the  TTX-insensitive  channel  by  sea  anemone 
toxin  II,  it  is  difficult  to  obtain  an  accurate  estimate  of  the  TTX-sensitive 
component.  In  view  of  the  large  error  associated  with  these  measurements  it 
is  not  possible  to  conclude  that  sea  anemone  toxin  II  is  completely  without 
effect  at  the  TTX-sensitive  Na+  channel.  Nevertheless,  it  is  clear  that  sea 
anemone  toxin  II  is  a  much  poorer  activator  of  the  TTX-sensitive  channel 
than  at  the  TTX-insensitive  channel.  Thus  the  TTX-sensitive  sodium  chan¬ 
nel  of  cultured  muscle  is  similar  to  the  TTX-sensitive  channel  found  in 
neural  tissue  with  regard  to  the  potency  of  polypeptide  neurotoxins  acting  at 
receptor  site  3.  The  differential  toxin  sensitivities  at  receptor  site  3  probably 
explain  the  failure  of  other  studies  (2,  10,  33,  37)  to  detect  TTX-sensitive 
Na*  flux  in  cultured  rat  muscle.  In  these  studies  the  voltage-sensitive  Na+ 
channels  were  activated  by  anemone  toxin  II  plus  an  alkaloid-neurotoxin. 
This  combination  of  neurotoxins  will  fully  activate  the  TTX-insensitive 
channels  and  thereby  obscure  the  relatively  smaller  TTX-sensitive  Na  + 
influx. 


3.  DEVELOPMENTAL  REGULATION  OF 
TTX-SENSITIVE  SODIUM  CHANNELS  IN  VITRO 

The  TTX-sensitive  and  -insensitive  sodium  channels  differ  not  only  in  the 
neurotoxin  sensitivities  just  described  but  also  in  their  in  vivo  regulation  by 
motor  neuron  innervation.  Since  the  in  vitro  development  of  Na+  channels  in 
primary  muscle  cultures  occurs  in  the  absence  of  innervation,  it  was  of 
interest  to  determine  the  time  courses  of  development  of  TTX-sensitive  and 
-insensitive  Na+  channels  and  compare  them  with  the  results  from  in  vivo 
experiments.  The  development  of  TTX-sensitive  Na+  channels  was  assessed 
by  measuring  the  total  number  of  [3H]STX-binding  sites  as  the  muscle  cells 
matured  in  cell  culture.  The  development  of  the  TTX-insensitive  Na+  chan¬ 
nel  was  assessed  by  measuring  the  amount  of  22Na+  influx  elicited  by  maxi¬ 
mal  neurotoxin  stimulation  with  sea  anemone  toxin  II  and  batrachotoxin  as  a 
function  of  time  in  culture. 
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Figure  15.12.  Developmental  time  course  of  TTX-sensitive  and  -insensitive  sodium  channels. 
TTX-insensitive  influx  (O)  was  measured  as  a  function  of  time  maintained  in  culture  by  activat¬ 
ing  Na*  channels  with  2.4  batrachotoxin  and  I  ij.M  sea  anemone  toxin  11  in  the  presence  of 
10  7  M  TTX.  Specific  binding  of  ['H|STX  (•)  was  measured  in  cell  homogenates  with  15 
nMl'HjSTX  at  0°C.  The  fusion  index  (A)  was  determined  as  described  in  the  text.  Error  bars 
represent  the  s.e.m.  of  at  least  three  experiments. 


As  shown  in  Fig.  15. 12  the  development  of  pHJSTX-binding  sites  is  bipha- 
sic.  The  density  of  binding  sites  increases  from  an  undetectable  level  on  the 
first  day  in  culture  to  a  maximum  level  of  59  fmol/mg  protein  at  day  10. 
During  days  10- 16  there  is  a  decline  in  the  binding-site  density  until  a  plateau 
level  of  21  fmol/mg  protein  is  reached.  The  [,H]STX-binding  sites  do  not 
completely  disappear,  since  at  day  28  there  are  still  12  fmol  STX-binding 
sites  per  milligram  of  protein  present. 

In  contrast  to  the  biphasic  time  course  of  development  of  the  high-affinity 
pHJSTX-binding  sites,  the  22Na+  influx  data  (Fig.  15.12)  indicate  that  the 
TTX-insensitive  sodium  channels  appear  in  parallel  with  TTX-sensitive 
channels  until  day  10,  but  then  remain  at  a  plateau  level  that  is  85%  of  the 
maximum  value  until  day  20,  while  the  level  of  pHJSTX-binding  sites  is 
reduced.  To  be  certain  that  the  different  time  course  of  development  of  the 
TTX-sensitive  and  -insensitive  sodium  channels  was  not  due  to  the  different 
methods  of  measurement  used,  we  also  examined  the  level  of  TTX-sensitive 
22Na+  influx  in  one  set  of  cultures  after  incubation  with  200  fiM  veratridine 
plus  30  n M  scorpion  toxin.  At  day  11,  TTX-sensitive  22Na+  influx  was  42.7 
nmol/min  mg  and  declined  to  15.8  nmol/min  mg  at  day  15.  These  results 
suggest  that  the  TTX-sensitive  and  -insensitive  sodium  channels  are  regu¬ 
lated  by  means  of  separate  pathways  in  muscle  cells  developing  in  vitro  in 
the  absence  of  innervation,  as  well  as  in  vivo. 
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In  Fig.  15.12,  we  have  also  presented  the  time  course  of  fusion  of 
mononucleate  myocytes  into  multinucleate  myotubes.  The  fusion  index, 
which  is  equal  to  the  percent  of  nuclei  in  myotubes,  increases  from  0  to  72 % 
during  days  0-4  of  growth  in  vitro.  Fusion  is  essentially  complete  by  day  4 
when  the  values  of  |  ’HjSTX  binding  and  TTX-insensitive  Na4  influx  are  less 
than  30%  of  their  maximum  levels.  These  data  indicate  that  both  types  of 
sodium  channels  appear  after  fusion  of  myoblasts  into  myotubes  during 
normal  muscle  development.  During  postnatal  development  in  vivo,  TTX- 
insensitive  sodium  channels  are  lost  (15)  and  TTX-sensitive  sodium  channels 
appear  (Fig.  15.2).  Since  denervation  of  adult  muscle  causes  the  reappear¬ 
ance  of  TTX-insensitive  sodium  channels  (26,  30),  it  is  likely  that  the  level  of 
these  channels  is  regulated  by  the  motor  neuron.  The  regulation  of  TTX- 
sensitive  sodium  channels  by  innervation  is  more  complex,  as  discussed  in 
the  first  section  of  this  chapter.  The  pattern  of  development  of  TTX-sensi¬ 
tive  and  -insensitive  sodium  channels  in  cell  culture  parallels  their  develop¬ 
ment  in  vivo.  As  expected  for  denervated  skeletal  muscle,  TTX-insensitive 
sodium  channels  appear  within  a  few  days  in  vitro  and  are  maintained  at  a 
plateau  level  throughtout  the  life  of  the  cultures  (Fig.  15.12).  In  contrast, 
TTX-sensitive  sodium  channels  initially  increase  along  the  same  time  course 
but  subsequently  decline  to  a  low  level  (Fig.  15.12).  This  time  course  is  very 
similar  to  that  of  development  of  TTX-sensitive  sodium  channels  in  dener¬ 
vated  muscle  in  vivo. 

Figure  15.13  compares  the  appearance  of  TTX-sensitive  sodium  channels 
in  muscle  cells  denervated  at  day  0  in  vitro  or  day  5  in  vivo.  The  results  from 
the  experiment  shown  in  Fig.  15.7  have  been  expressed  in  terms  of  femto- 
moles  of  [3H]STX  bound  per  milligram  of  protein  to  allow  direct  comparison 
to  the  in  vitro  results  shown  in  Fig.  15.12.  Since  the  cultured  muscle  cells  are 
prepared  from  fetal  rats  during  the  last  day  of  gestation,  the  time  maintained 
in  vitro  corresponds  to  the  postpartum  age  in  vivo.  When  compared  in  this 
manner,  the  results  show  that  in  vivo  and  in  vitro  development  follow  a 
parallel  time  course  until  day  10.  At  this  time,  the  in  vitro  density  of  TTX- 
sensitive  channels  reaches  a  peak  and  then  declines  to  a  new  plateau  level. 
STX  receptor  density  of  skeletal  muscle  denervated  in  vivo  continues  in¬ 
creasing  to  achieve  a  much  greater  peak  value  at  days  1 1-13.  Subsequently, 
as  in  vitro,  the  density  of  high-affinity  STX  receptors  in  vivo  declines  to  a 
final  plateau  value.  In  both  cases,  receptor  development  continues  for  8-10 
days  after  denervation  and  then  declines  over  the  next  4-6  days  to  reach  a 
final  plateau  value.  Since  the  results  presented  in  the  first  section  of  this 
chapter  indicate  that  continuing  innervation  is  required  for  the  development 
of  TTX-sensitive  sodium  channels  after  postnatal  day  1 1 ,  it  seems  likely  that 
the  reduction  in  the  level  of  TTX-sensitive  Na+  channels  maintained  for 
more  than  10  days  in  vitro  is  also  due  to  lack  of  innervation.  Thus  the 
development  of  TTX-sensitive  channels  observed  in  vitro  correlates  with  the 
first  innervation-independent  phase  of  development  in  vivo.  Since  the  in 
vitro  cell  culture  system  follows  the  pattern  of  development  observed  in 
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Figure  15.13.  Comparison  of  STX  receptor  development  in  vivo  and  in  vitro.  Data  for  STX 
receptor  development  in  vitro  (O)  are  redrawn  from  Fig.  15.12.  Data  for  in  vivo  development 
(see  Fig.  15.7)  show  the  time  course  for  STX  receptor  development  in  triceps  surae  of  rats  in 
which  this  muscle  was  denervated  at  day  5  (•).  The  value  for  STX  receptor  density  in  vivo  at 
day  3  (A)  is  for  innervated  triceps  surae. 


vivo,  it  is  likely  that  this  experimental  system  will  provide  a  good  model  for 
examining  the  mechanism  of  neuronal  regulation  of  TTX-sensitive  sodium 
channels  in  mammaliam  muscle. 

As  described  earlier,  innervation  plays  an  important  role  in  the  develop¬ 
mental  regulation  of  the  TTX-sensitive  sodium  channel.  These  effects  of 
innervation  may  be  mediated  by  neurally  imposed  electrical  activity  or  by 
neurally  released  chemical  factors  (12).  It  is  difficult  to  assess  the  relative 
importance  of  these  two  mechanisms  in  experiments  performed  in  vivo.  We 
have  therefore  investigated  the  role  of  electrical  activity  and  cytosolic  Ca2+, 
in  vitro,  in  uninnervated  cultures  of  fetal  muscle  cells.  As  shown  in  Fig.  15.8 
these  cells  display  a  spontaneous  electrical  and  contractile  activity  that  is 
mediated,  at  least  in  part,  by  the  TTX-sensitive  sodium  channel.  We  have 
investigated  the  regulatory  role  of  this  electrical  activity  by  determining  its 
effect  on  the  in  vitro  development  of  [3H]STX-binding  sites. 

Figure  15. 14  shows  the  effect  of  blocking  spontaneous  contractile  activity 
on  the  time  course  of  development  of  TTX-sensitive  sodium  channels.  After 
4  days  in  culture,  cells  were  grown  in  the  presence  of  1  fiM  TTX,  40  \xM 
bupivacaine,  or  50  m M  KC1.  TTX  and  the  local  anesthetic  bupivacaine 
eliminate  electrical  activity  directly  by  blocking  ionic  flux  through  the  volt¬ 
age-sensitive  sodium  channel,  whereas  maintenance  in  50  mM  KC1  abol¬ 
ishes  spontaneous  electrical  activity  indirectly  by  chronically  depolarizing 
the  cells  and  inactivating  the  sodium  channels.  Each  of  these  treatments 
produced  a  significant  increase  in  the  number  of  TTX-sensitive  sodium  chan- 
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Figure  15.14.  Pharmacological  blockade  of  spontaneous  contractile  activity  increases  the  den¬ 
sity  of  TTX-sensitive  sodium  channels.  After4  days  in  culture,  muscle  cells  were  maintained  for 
the  indicated  period  of  time  in  growth  medium  containing  40  bupivacaine  (O),  I  /jlM  TTX 
(□).  50  m M  KCI  (A),  or  no  additions  (•).  The  specific  binding  of  I'HJSTX  at  15  n M  to  muscle 
cell  homogenates  was  then  determined.  Error  bars  represent  ±  s.e.m. 


nels  measured  at  days  8,  12.  and  16  (Fig.  15. 14).  The  treated  cells  still  show  a 
decline  in  channel  number  after  day  12  that  parallels  the  decrease  observed 
in  the  controls.  Thus  the  regulatory  effect  produced  by  blocking  spontane¬ 
ous  electrical  activity  is  apparently  superimposed  upon  whatever  regulatory 
process  is  responsible  for  the  biphasic  nature  of  the  developmental  time 
course  observed  in  the  control  cultures.  In  addition  to  the  foregoing  methods 
of  eliminating  spontaneous  electrical  activity,  we  also  examined  the  effects 
of  treating  cells  with  veratridine  (10  fxM)  which  blocks  action  potential  pro¬ 
duction  by  causing  chronic  depolarization  due  to  increased  influx  of  extra¬ 
cellular  Na+  (4).  At  day  12,  veratridine-treated  cells  had  2.1-fold  more  TTX- 
sensitive  channels  than  controls  ( p  <  .005,  Student's  /-test). 

Since  the  increase  in  sodium  channel  number  is  caused  by  indirect  block¬ 
ade  of  electrical  activity  as  well  as  by  agents  that  act  directly  on  the  voltage- 
sensitive  sodium  channel  at  different  receptor  sites  (4,  25),  it  seems  unlikely 
that  this  effect  simply  results  from  receptor- ligand  interaction.  Rather,  the 
common  mechanism  must  be  related  to  the  loss  of  spontaneous  electrical 
activity.  Block  of  spontaneous  electrical  activity  in  skeletal  muscle  prevents 
the  phasic  increase  in  cytosolic  Ca2+  that  accompanies  each  contraction.  To 
evaluate  the  role  of  Ca2+  in  regulation  of  sodium  channel  density,  we  exam¬ 
ined  the  effect  of  the  Ca2+  ionoph ore  A23187.  This  ionophore  specifically 
increases  the  permeability  of  both  sarcolemmal  and  sarcoplasmic  reticulum 
membranes  to  Ca2f  (13,  17)  and  causes  both  an  increase  in  cytosolic  Ca2t 
and  a  tonic  contracture  of  intact  muscle  (13,  38).  Figure  15.15  shows  that 
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growth  of  cells  in  the  presence  of  I  fiM  A23I87  nearly  abolishes  the  further 
development  of  TTX-sensitive  sodium  channels  from  day  4  to  day  10  in 
vitro.  Growth  of  cells  in  40  ijlM  bupivacaine  leads  to  a  five-fold  increase  in 
the  number  of  TTX-sensitive  sodium  channels  as  compared  to  growth  under 
conditions  of  high  cytosolic  Ca2'  (I  /xM  A23187).  The  sodium  channel  den¬ 
sity  of  cells  grown  in  the  presence  of  bupivacaine  plus  A23I87  is  not  signifi¬ 
cantly  different  from  that  of  cells  grown  in  A23I87  alone  (Fig.  15.15).  This 
result  is  expected  since  the  tonically  increased  Ca2"  influx  mediated  by  the 
A23I87  should  override  the  loss  of  phasic  Ca2+  influx  produced  by  blockade 
of  electrical  activity.  These  results  are  consistent  with  the  hypothesis  that 
cytosolic  Ca21  levels  modulate  the  levels  of  TTX-sensitive  sodium  channels 
in  response  to  changes  in  electrical  activity. 

The  data  presented  in  Fig.  15.15  indicate  that  manipulations  which  affect 
the  spontaneous  electrical  activity  of  cultured  myotubes  have  significant 
regulatory  effects  on  the  density  of  voltage-sensitive  sodium  channels.  It  is 
possible  to  obtain  an  index  of  the  extent  to  which  a  pharmacological  agent 
blocks  voltage-sensitive  sodium  channels  by  visually  observing  and  tabulat¬ 
ing  the  degree  of  spontaneous  contractile  activity  that  is  present.  If  growth 
of  cells  in  the  presence  of  bupivacaine  leads  to  an  increased  level  of  sodium 
channel  by  virtue  of  its  specific  effect  on  voltage-sensitive  sodium  channels, 
then  the  dose-response  curves  for  inhibition  of  spontaneous  contractile  ac¬ 
tivity  and  increase  of  STX  receptor  density  should  overlap.  Our  results 


Fifpire  15.15.  Effect  of  A27IK7  on  the  development  of  TTX-sensitive  Na‘  channels.  After  4 
days  in  culture,  myotubes  were  maintained  for  the  indicated  period  of  time  in  growth  medium 
containing  I  gM  A25IX7  (A).  40  gM  bupivacaine  (O),  I  gi M  A23187  +  40  fiM  bupivacaine  (A), 
or  with  no  additions  (•).  The  density  of  TTX-sensitive  sodium  channels  was  determined  by 
measuring  the  specific  binding  of  |'H|STX  at  15  nW.  Each  point  represents  the  mean  of  at  least 
three  separate  experiments.  Error  bars  denote  the  s.e.m. 
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indicate  that  this  is  indeed  the  case.  When  the  dose  response  of  blockade  of 
spontaneous  contractile  activity  and  increase  in  STX  receptor  density  are 
expressed  as  the  percentage  of  the  maximal  effect,  the  values  for  both  of 
these  parameters  fall  on  a  single  curve  with  a  K(,  «,  of  3.3  fiM.  This  value  is  in 
good  agreement  with  the  results  of  studies  in  which  the  Kn  for  bupivacaine 
was  found  to  be  2.6  fxM  (27)  in  neurotoxin-binding  experiments.  This  result 
is  consistent  with  the  conclusion  that  bupivacaine  acts  by  blocking  spontane¬ 
ous  electrical  activity  rather  than  by  a  nonspecific  membrane  effect. 

A  similar  dose-response  study  was  carried  out  in  cells  grown  in  increasing 
concentrations  of  A23I87.  The  results  indicate  that  A23I87  induces  a  dose- 
dependent  reduction  in  both  STX  receptor  density  and  spontaneous  con¬ 
tractile  activity  with  a  K0 .5  of  0.5  /xM.  At  2  /aM  A23187,  the  level  of  TTX- 
sensitive  sodium  channels  was  decreased  to  249?  of  the  control  value.  At  this 
concentration  of  A23187  no  toxic  effects  were  apparent  upon  visual  inspec¬ 
tion  of  the  cells.  The  inhibition  of  spontaneous  contractile  activity  probably 
results  from  membrane  depolarization  due  to  increased  Ca2*  flux  (40).  Our 
results  indicate  that  this  increased  Ca2*  flux  also  reduces  the  number  of 
TTX-sensitive  sodium  channels. 

In  these  experiments  the  number  of  STX  receptors  was  estimated  by 
measuring  binding  in  the  presence  of  15  nM  [3H]STX.  We  have  previously 
shown  this  concentration  to  be  sufficient  to  occupy  greater  than  85%  of  the 
receptors  present  (35).  Nevertheless,  it  is  possible  that  the  regulatory  effects 
on  STX  binding  reflect  changes  in  the  affinity  of  the  receptor  for  its  ligand  as 
well  as  changes  in  the  number  of  sarcolemmal  TTX-sensitive  channels.  To 
exclude  this  possibility,  we  have  performed  Scatchard  analysis  of  |*H]STX 
binding  to  control  cells  and  cells  treated  with  bupivacaine  or  A23I87. 
Growth  of  cells  for  6  days  in  the  presence  of  40  fiM  bupivacaine  or  I  fxM 
A23I87  had  no  significant  effect  on  the  affinity  of  I’HjSTX  for  its  receptor. 
The  total  receptor  density,  however,  is  increased  70%  by  treatment  with 
bupivacaine  and  reduced  33%  by  A23I87  treatment,  indicating  that  these 
agents  cause  a  true  change  in  the  sarcolemmal  density  of  TTX-sensitive 
channels. 

These  results  indicate  that  electrical  activity  can  regulate  the  density  of 
TTX-sensitive  sodium  channels  in  primary  cultures  of  rat  skeletal  muscle. 
Since  each  action  potential  leads  to  a  large  transient  increase  in  cytosolic 
Ca2 '  (6),  blockade  of  spontaneous  electrical  activity  will  undoubtedly  reduce 
the  time-averaged  level  of  cytosolic  Ca2* .  Thus  it  is  an  attractive  hypothesis 
that  the  observed  increase  in  sodium  channel  number  produced  by  blockade 
of  electrical  activity  is  mediated  by  changes  in  cytosolic  Ca2*.  The  ability  of 
A23I87  to  decrease  TTX-sensitive  channel  levels  gives  strong  support  for 
this  hypothesis.  Although  we  have  not  directly  determined  the  cytosolic 
Ca2*  levels  in  these  experiments,  it  seems  likely  from  previous  investiga¬ 
tions  that  A23I87  increases  the  level  of  Ca2*  in  the  cytosolic  pool.  A23I87 
markedly  increases  the  permeability  of  lipid  bilayer  membranes  to  Ca2*  (28). 
In  skeletal  muscle  the  cytosolic  concentration  of  Ca2*  is  three  to  four  orders 


3.  DEVELOPMENTAL  HEGULATiON  OF  ITX-SENSITIVE  SODIUM  CHANNELS  259 


of  magnitude  lower  than  either  the  extracellular  Ca2t  concentration  or  the 
concentration  of  Ca2+  stored  intracellularly  in  the  sarcoplasmic  reticulum 
(6).  Thus  any  increase  in  the  Ca2+  permeability  of  lipid  bilayer  membranes 
would  allow  Ca2+  to  flow  down  its  electrochemical  gradient  into  the  cyto¬ 
plasm.  A23I87  has  been  shown  to  increase  the  Ca2+  permeability  of  both 
sarcolemmal  and  sarcoplasmic  reticulum  membranes  of  mammalian  muscle 
(13,  17).  Furthermore,  spectrofluorimetric  determination  of  cytosolic  Ca2* 
levels  has  shown  that  A23I87  increases  the  concentration  of  cytosolic  Ca2+ 
in  intact  barnacle  muscle  (17).  A23187  also  causes  tonic  contracture  of  intact 
frog  skeletal  muscle  (38).  On  the  basis  of  these  results,  it  seems  highly  likely 
that  cytosolic  Ca2f  levels  of  cultured  muscle  cells  grown  in  the  presence  of 
A23I87  are  chronically  elevated.  Thus  blockade  of  spontaneous  electrical 
activity  lowers  cytosolic  Ca2  *  and  increases  the  number  of  TTX-sensitive 
channels.  Conversely,  growth  in  A23I87,  which  almost  certainly  increases 
cytosolic  Ca2+,  decreases  the  number  of  TTX-sensitive  channels. 

Taken  together,  our  findings  suggest  the  presence  of  a  Ca2+-mediated 
negative  feedback  loop  controlling  cellular  excitability.  Increases  in  electri¬ 
cal  excitability  which  lead  to  increased  cytosolic  Ca2+  levels  may,  in  turn, 
decrease  the  number  of  sodium  channels  and  thereby  decrease  electrical 
excitability.  Conversely,  a  paucity  of  electrical  activity  would  lead  to  an 
increase  in  the  number  of  electrically  excitable  sodium  channels.  In  this 
way,  the  cell  would  be  able  to  maintain  a  given  level  of  electrical  excitability 
by  altering  the  sodium  channel  density  in  response  to  the  frequency  of  action 
potentials  using  changes  in  the  concentration  of  cytosolic  Ca2+  as  the  feed¬ 
back  signal. 

The  physiological  relevance  of  these  results  is  somewhat  uncertain.  It 
may  be  argued,  for  example,  that  treatment  with  A23187  is  an  imperfect 
model  of  the  increased  cytosolic  Ca2+  caused  by  electrical  activity  because 
sarcolemmal  action  potentials  lead  to  transient  rises  in  cytosolic  Ca2+, 
whereas  the  presence  of  ionophore  causes  a  chronically  elevated  Ca2+  level. 
Nevertheless,  recent  studies  have  shown  that  A23187  treatment  is  able  to 
mimic  motor  neuron  innervation  with  regard  to  the  regulation  of  enzymes 
involved  in  intermediary  metabolism  (22),  maintenance  of  resting  membrane 
potential  (9),  and  acetylcholine  receptor  (11,  24).  The  effects  on  acetylcho¬ 
line  receptors  are  particularly  relevant  since  receptor  density  is  regulated  by 
electrical  activity  both  in  vivo  and  in  vitro  (7).  These  other  results  support 
the  view  that  cytosolic  Ca2+  is  an  important  intracellular  mediator  of  the 
effects  of  electrical  activity  on  a  number  of  muscle  properties,  including  the 
density  of  TTX-sensitive  sodium  channels. 

The  results  presented  in  the  first  section  on  this  chapter  suggest  that 
neural  influences  normally  act  to  inhibit  the  development  of  TTX-sensitive 
channels  from  postnatal  days  5-11.  The  results  presented  in  this  section 
indicate  that  a  similar  inhibitory  effect  is  exerted  in  vitro  by  electrical  activ¬ 
ity.  It  is  of  interest,  therefore,  to  directly  compare  the  development  of  TTX- 
sensitive  channels  in  these  two  experimental  systems.  For  this  purpose,  the 
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data  presented  in  Fig.  15.7  have  been  converted  to  express  the  density  of 
channels  as  femtomoles  per  milligram  of  protein.  Figure  15. 16  compares  the 
development  of  TTX-sensitive  channels  observed  in  vivo  in  innervated  and 
denervated  muscle  with  the  development  observed  in  vitro  in  cultures  with 
and  without  spontaneous  contractile  activity  (from  Fig.  15.14).  There  is  a 
close  correspondence  between  sodium  channel  development  in  cultured 
myotubes  displaying  spontaneous  contractile  activity,  for  example,  control 
cultures,  and  innervated  muscle  in  vivo.  Similarly,  cultures  in  which  sponta¬ 
neous  contractile  activity  is  blocked  by  bupivacaine  fall  on  the  same  curve  as 
denervated  muscle  in  vivo.  Thus,  both  in  vivo  and  in  vitro,  the  reduction  of 
electrical  activity  leads  to  a  similar  increase  in  the  number  of  TTX-sensitive 
channels.  This  comparison  suggests  that  the  lack  of  neuronally  driven  motor 
activity  in  muscles  denervated  at  day  5  in  vivo  may  account  for  the  accelera¬ 
tion  of  sodium  channel  development  observed  from  days  5  to  II. 

Although  denervated  muscle  develops  fibrillations  that  may  be  analogous 
to  the  spontaneous  contractile  activity  observed  in  vitro,  it  is  likely  that  this 
type  of  muscle  activity  is  of  a  substantially  lower  magnitude  than  the  normal 
neuronally  driven  activity  (29).  This  view  is  supported  by  studies  of  the 
acetylcholine  receptor  (AChR)  in  which  exogenous  electrical  activity,  but 
not  endogenous  fibrillatory  activity,  could  prevent  denervation-induced 
changes  (23).  Thus,  both  in  the  case  of  denervation  in  vivo  and  blockade  of 
spontaneous  contractile  activity  in  vitro,  there  is  a  substantial  decrease  in 
the  level  of  electrical  and  contractile  activity  and  an  associated  increase  in 
the  number  of  TTX-sensitive  channels. 


Figure  15.16.  Comparison  of  TTX-sensitive  channel  development  in  vivo  and  in  vitro.  The 
developmental  time  course  of  channel  development  in  vivo  in  rat  triceps  surae  is  shown  for 
normal  muscle  (•)  and  muscle  denervated  at  postnatal  day  5  (O)  (see  Fig.  15.7).  The  data 
presented  in  Fig.  15.14  for  control  (A)  and  bupivacaine-treated  (A)  cells  are  shown  for  purposes 
of  comparison.  The  units  on  the  ordinate  are  femtomoles  per  milligram  of  total  cellular  protein. 
Error  bars  indicate  the  s.e.m. 
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Our  in  vitro  results  and  the  comparable  effects  in  vivo  indicate  that  the 
innervation-independent  phase  of  TTX-sensitive  channel  development  is 
regulated  by  the  level  of  electrical  activity  and  that  this  regulation  is  likely  to 
be  mediated  by  changes  in  cytosolic  Ca2'  levels.  It  is  noteworthy  that  the 
AChR  also  appears  to  be  under  the  influence  of  this  type  of  regulatory 
system  (24).  Furthermore,  maturational  changes  in  both  the  AChR  and  volt¬ 
age-sensitive  sodium  channels  occur  over  a  remarkably  similar  time  course 
(see  Fig.  15.3).  We  believe  these  similarities  are  not  fortuitous  but,  rather, 
reflect  important  underlying  processes  by  which  the  muscle  cell  can  coordi¬ 
nate  the  developmental  regulation  of  proteins  integral  to  synaptic  transmis¬ 
sion  and  electrical  excitation. 


4.  CONCLUSIONS 

We  have  investigated  the  developmental  regulation  of  TTX-sensitive  sodium 
channels  in  rat  skeletal  muscle  both  in  vivo  and  in  vitro.  The  normal  develop¬ 
mental  appearance  of  TTX-sensitive  channels  in  rat  triceps  surae  was  deter¬ 
mined  by  measuring  the  density  of  high-affinity  PHJSTX  receptor  sites  as  a 
function  of  postnatal  age.  The  regulatory  role  of  innervation  was  assessed  by 
denervating  the  triceps  surae  at  various  points  in  the  developmental  time 
course  and  measuring  the  subsequent  changes  in  the  density  of  TTX-sensi¬ 
tive  sodium  channels.  The  results  of  these  experiments  indicate  that  the 
developmental  regulation  of  the  TTX-sensitive  sodium  channel  is  biphasic. 
The  first  developmental  phase  leads  to  the  appearance  of  approximately  50% 
of  the  adult  level  of  channels  and  extends  to  postnatal  day  II.  This  initial 
phase  of  development  does  not  require  continuing  innervation.  Rather,  neu¬ 
ronal  influences  appear  to  inhibit  the  accumulation  of  TTX-sensitive  chan¬ 
nels  during  this  portion  of  the  development  time  course.  The  second  phase 
of  development,  which  occurs  from  postnatal  day  II  to  21 ,  gives  rise  to  the 
remaining  50%  of  the  adult  level  and  is  dependent  on  continuing  innervation. 

Our  results  suggest  that  the  initial  innervation-independent  phase  of  de¬ 
velopment  also  occurs  in  vitro  in  uninnervated  cultures  of  fetal  muscle  cells. 
These  cells  have  high-affinity  STX  receptors  with  similar  neurotoxin-binding 
properties  to  the  receptors  associated  with  TTX-sensitive  sodium  channels 
in  adult  skeletal  muscle.  The  STX  receptors  found  in  cultured  fetal  muscle 
are  almost  certainly  associated  with  functional  TTX-sensitive  sodium  chan¬ 
nels  since  these  cells  display  spontaneous  contractile  activity  and  neuro¬ 
toxin-induced  Na+  influx  that  is  inhibited  by  TTX  with  essentially  the  same 
K|  that  is  observed  for  competitive  inhibition  of  [3H]STX  binding  by  TTX. 
The  time  course  of  the  in  vitro  development  of  TTX-sensitive  sodium  chan¬ 
nels  is  remarkably  similar  to  the  time  course  of  channel  development  in  vivo 
after  denervation  at  an  early  age.  Thus  cultured  fetal  muscle  may  provide  a 
good  model  system  for  the  study  of  the  regulation  of  the  initial  innervation- 
independent  phase  of  development  that  occurs  in  vivo. 
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The  regulatory  role  of  electrical  activity  and  cytosolic  Ca2+  in  the  devel¬ 
opment  of  TTX-sensitive  channels  was  investigated  by  pharmacological  ma¬ 
nipulation  of  cultured  fetal  muscle  cells.  Blockade  of  the  spontaneous  elec¬ 
trical  activity  of  these  cells  with  the  local  anesthetic  bupivacaine  leads  to  a 
nearly  two-fold  increase  in  the  density  of  TTX-sensitive  sodium  channels. 
This  increased  density  of  channels  is  likely  to  be  due  to  the  concomittant 
reduction  of  cytosolic  Ca2+  since  treatment  with  the  ionophore  A23187, 
which  increases  cytosolic  Ca2+,  markedly  decreases  channel  density.  These 
results  suggest  the  presence  of  a  Ca2+-mediated  negative  feedback  system 
that  modulates  the  level  of  electrical  excitability.  This  modulatory  effect  of 
electrical  activity  is  a  likely  explanation  for  the  inhibitory  effects  of  innerva¬ 
tion  observed  in  vivo  during  the  initial  phase  of  development. 

The  motor  neuron  has  a  profound  influence  on  a  wide  variety  of  muscle 
properties  including  the  three  principal  proteins  involved  in  neuromuscular 
transmission:  the  acetylcholine  receptor,  acetylcholinesterase,  and  voltage- 
sensitive  sodium  channel  (7,  12,  29).  Previous  work  has  clearly  shown  the 
regulatory  effect  of  innervation  on  the  appearance  of  TTX-insensitive  chan¬ 
nels  (7.  15,  26,  30).  The  results  presented  here  indicate  that  the  density  of 
TTX-sensitive  channels  is  also  regulated  by  the  motor  neuron.  One  can 
envision  two  major  mechanisms  by  which  the  motor  neuron  can  exert  its 
regulatory  influence.  The  first  is  that  regulatory  effects  are  mediated  by  the 
neurally  imposed  pattern  of  electrical  activity.  The  second  is  that  chemical 
mediators  may  be  released  by  the  nerve  that  exerts  a  local  hormonal  effect 
on  the  innervated  muscle.  A  review  of  the  current  literature  suggests  that 
both  me<i«M*jsms  may  be  important  in  the  regulation  of  the  acetylcholines¬ 
terase  ( 42  L* '-•*»' ylcholine  receptor  (7),  and  TTX-insensitive  sodium  channel 
(II,  16).  We  are  uncertain  of  the  mechanism  by  which  motor  neuron  pro¬ 
motes  the  continuing  development  of  TTX-sensitive  sodium  channels  in 
triceps  surae  after  postnatal  day  1 1 .  The  results  of  our  in  vitro  studies  indi¬ 
cate  that  activity  per  se  does  not  promote  further  development  of  TTX- 
sensitive  sodium  channels  but  instead  has  the  opposite  effect  of  decreasing 
the  channel  density  without  affecting  the  general  developmental  pattern  (see 
Fig.  15.14).  If  a  similar  regulatory  mechanism  is  present  in  vivo,  as  suggested 
by  the  comparison  of  in  vivo  and  in  vitro  results  presented  in  Fig.  15.16,  then 
it  would  be  unlikely  that  electrical  activity  alone  could  account  for  the  ef¬ 
fects  of  innervation  on  the  development  of  TTX-sensitive  sodium  channels 
after  postnatal  day  1 1 .  Further  studies  will  be  necessary  to  investigate  this 
fundamental  issue  fully. 
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DEVELOPMENT  AND  REGULATION  OF  AVIAN  Na+  ,K  *  -ATPase 


The  sodium-  and  potassium-ion-s!imulated  ATPase  plays  an  essential  role  in 
a  variety  of  cellular  processes.  As  the  major  transport  mechanism  for  so¬ 
dium  and  potassium  in  most  cells,  the  Na  f,K ' -ATPase  is  largely  responsible 
for  maintenance  of  the  high  intracellular  potassium  ion  concentration  needed 
for  a  variety  of  intracellular  processes.  Together  with  the  selective  perme¬ 
ability  properties  of  the  plasma  membrane,  the  Na+ ,K+-ATPase,  by  setting 
intracellular  potassium  ion  concentration,  indirectly  sets  the  transmembrane 
potential.  In  addition,  especially  in  excitable  cells  that  have  been  active  and 
thereby  have  accumulated  excess  sodium  ions  and  lost  potassium  ions,  the 
sodium  pump  helps  to  maintain  a  high  resting  potential  and  associated  excit¬ 
ability  by  generating  an  outward  current  through  its  electrogenic  transport  of 
ions:  exchanging  three  intracellular  sodium  ions  for  two  extracellular  potas¬ 
sium  ions.  The  involvement  of  the  sodium  pump  in  maintenance  of  trans¬ 
membrane  potential  in  excitable  cells  was  recognized  and  explored  by 
Hodgkin  and  Keynes  (7)  in  the  years  immediately  following  analysis  of  the 
action  potential  in  squid  axon.  The  Na+,K ‘-ATPase  has  remained  of  special 
interest  to  neurobiologists,  and  its  spatial  organization  and  activity  in  excit¬ 
able  membranes  have  been  explored  to  some  extent.  Limiting  these  explora¬ 
tions  has  been  the  lack  of  convenient  ligands  for  determining  the  number  and 
distribution  of  Na‘,K‘-ATPase  molecules  on  individual  cells.  The  major 
ligand,  ouabain,  binds  in  a  manner  dependent  on  pumping  activity,  and  the 
binding  is  reversible  and  not  stabilized  by  fixation.  In  the  course  of  our 
exploration  of  excitable  cell  surfaces  with  monoclonal  antibodies  to  plasma 
membrane  proteins  of  nerve  and  muscle,  we  identified  one  of  the  antigens 
as  the  Na‘,K ‘-ATPase  (4).  Monoclonal  antibody-24,  which  binds  to  the 
Na‘,K '-ATPase,  binds  with  high  avidity  to  an  epitope  on  the  external  face 
of  the  plasma  membrane,  probably  located  on  the  (3  subunit  of  the  Na‘,K‘- 
ATPase.  We  have  been  using  this  monoclonal  antibody  and  a  second  mono¬ 
clonal  antibody  to  the  same  site  (a  generous  gift  from  Dr.  Thomas  Easton)  to 
explore  the  number  and  distribution  of  Na\K ‘- ATPase  molecules  on  excit¬ 
able  cells  and  to  examine  mechanisms  of  regulation  of  the  Na  +  ,K+-ATPase 
during  development  and  in  adult  animals.  Some  of  these  studies  are  summa¬ 
rized  in  this  chapter. 


1.  EVIDENCE  THAT  MONOCLONAL  ANTIBODY-24 
RECOGNIZES  THE  Na+;K+ -ATPASE 

Monoclonal  antibody-24  does  not  inhibit  the  Na'  ,K '-ATPase  and  does  not 
inhibit  the  binding  of  ouabain  to  the  Na' ,K ‘-ATPase.  Because  solubilization 
of  the  Na'  ,K* -ATPase  generally  destroys  ATPase  activity,  it  was  not  possi¬ 
ble  to  demonstrate  directly  that  monoclonal  antibody-24  can  be  used  for 
selective  immunoprecipitation  of  the  Na\K ‘-ATPase.  Thus  evidence  that 
monoclonal  antibody-24  binds  to  the  Na‘,K‘-ATPase  consists  of  close  cor¬ 
relations  between  the  antigen  recognized  by  monoclonal  antibody-24  and  the 
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Na*  ,K*-ATPase  (3,  4).  These  correlations  include  subunit  structure  and 
glycosylation  characteristics  of  the  antigen,  solubility  properties  of  the  an¬ 
tigen,  presence  of  the  antigen  as  a  major  component  in  microsomal  mem¬ 
branes  derived  from  kidney  and  enriched  for  Na*  ,K*-ATPase  by  the  method 
of  Jorgensen  (8),  basolateral  distribution  of  the  antigen  on  cells  of  kidney 
tubules  and  cells  of  the  ducts  of  duck  salt  glands,  approximately  equal  num¬ 
bers  of  ouabain-binding  sites  and  antigenic  sites  on  tissue-cultured  chick 
myotubes  and  on  erythrocytes,  and  up-regulation  of  antigen  sites  during  low- 
potassium-ion  stressing  of  chick  myogenic  cells  in  tissue  culture.  In  addi¬ 
tion,  the  antibody  cross-reacts  with  purified  avain  salt  gland  Na*,K+-AT- 
Pase  (a  generous  gift  of  Dr.  J.  A.  Reynolds),  and  antigen  purified  with  the 
use  of  monoclonal  antibody-24  was  used  to  immunize  rabbits,  which  thereaf¬ 
ter  produced  antisera  that  react  strongly  with  the  (3  subunit  of  salt  gland 
Na*,K*-ATPase  and  very  weakly  with  the  a  subunit  of  dog  pancreas 
Na+,K*-ATPase  (a  generous  gift  of  Dr.  M.  Steinberg)  on  protein  blots  after 
electrophoretic  transfer  of  polypeptides  from  SDS-gels  to  nitrocellulose 
sheets.  The  sum  of  these  observations  and  details  of  the  distribution  of 
antigen  molecules  on  excitable  cells  (discussed  below)  and  correlation  of 
antigen  with  intramembrane  particles  in  freeze  fracture  replicas  (see  below) 
constitute  the  evidence  that  the  antigen  is  the  Na*,K+-ATPase. 

It  was  especially  important  to  establish  beyond  reasonable  doubt  that 
antigen-24  was  the  Na\K*-ATPase  because  several  of  our  observations  are 
novel,  and  others  are  either  at  odds  with  or  at  least  surprising  in  light  of 
published  information  on  the  Na+,K+-ATPase.  These  include  observations 
on  biosynthesis  and  assembly,  on  cellular  distribution,  on  the  possibility  of 
there  being  multiple  molecular  forms,  and  on  regulation  in  skeletal  muscle. 


a.  STUDIES  ON  IVEUROIVAL  Na+,K+-ATPASE 

In  a  survey  of  chicken  tissues,  using  immunofluorescent  staining  of  cryosec- 
tions  to  visualize  the  relative  amount  of  Na*,K+-ATPase  on  different  cells, 
we  noted  very  high  levels  of  Na+,K+-ATPase  in  skeletal  muscle,  cardiac 
muscle,  kidney,  and  nervous  tissue.  We  used  embryonic  chicken  brain  as  a 
source  of  Na*,K+-ATPase  and  isolated  large  amounts  of  Na+,K+-ATPase 
for  biochemical  characterization,  including  determination  of  subunit  struc¬ 
ture  (Fig.  16.1)  and  lectin  binding  (4). 

In  the  nervous  system  the  fluorescent  antibody  technique  revealed  a  very 
high  level  of  Na+,K+-ATPase  on  neurons  but  very  little  on  other  cells, 
including  the  Schwann  cells  which  myelinate  peripheral  nerve  axons  (illus¬ 
trated  in  Fig.  16.2). 

We  were  particularly  interested  in  myelinated  axons  because  of  an  earlier 
report  that  the  Na+,K+-ATPase  was  confined  to  the  portions  of  axolemma 
exposed  at  Nodes  of  Ranvier  in  the  knifefish  central  nervous  system  (18). 
This  matter  is  being  examined  with  the  aid  of  fluorescein-labeled  monoclonal 
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Figure  16.1.  Subunit  structure  of  chick  brain  Na*  ,K*-ATPase.  Na*  ,K*-ATPase  was  puri¬ 
fied  from  a  detergent  extract  of  chicken  brain  membranes  by  immunoprecipitation  with  24- 
immunobeads  and  analyzed  by  SDS-polyacrylamide  gel  electrophoresis,  Coomassie  staining. 
Lanes  I  and  5  are  molecular  weight  standards,  with  weights  in  thousands  of  daltons  indicated  at 
right.  Lane  2,  unreduced  sample.  Lanes  3  and  4,  reduced  samples.  Sample  in  lane  4  was  heated 
to  I00°C  prior  to  electrophoresis.  (From  ref.  4.) 


antibody.  When  chicken  sciatic  nerves  are  isolated  in  organ  culture  and 
labeled  with  fluorescent  antibody  by  injection  of  antibody  solution  under  the 
perineurium,  a  strictly  nodal  localization  of  bound  fluorescent  antibody  is 
seen  (Fig.  16.3).  The  question  is,  does  this  distribution  of  bound  antibody 
reflect  the  true  distribution  of  the  Na+,K+-ATPase?  The  answer  is  that  it 
does  not.  Another  view  of  the  distribution  of  the  Na+,K+-ATPase  on  myelin¬ 
ated  nerve  fibers  is  afforded  in  immunofluorescent-labeled  cryosections  of 
peripheral  nerve.  As  shown  in  Fig.  16.2,  the  axolemma  of  all  of  the  nerve 
fibers  in  peripheral  nerve  bundles  is  brightly  labeled  in  the  cryosections. 
These  sections,  which  are  typically  about  6-8  ^tm  thick,  rarely  include  a 
Node  of  Ranvier.  Thus  the  fluorescence  in  these  sections  is  due  to  internodal 
axolemmal  staining.  (It  is  not  possible  at  the  level  of  the  light  microscope  to 
distinguish  between  antibody  binding  to  axolemma  and  to  the  facing  mem¬ 
brane  of  the  myelin.  Dr.  Herbert  Keonig  has  done  a  preliminary  study  in  our 
laboratory,  using  horseradish  peroxidase-labeled  monoclonal  antibody  and 
immunohistochemistry  at  the  EM  level,  to  reveal  that  the  axolemma  is  the 
predominant  site  of  deposition  of  reaction  product  when  myelinated  axons 
of  ciliary  nerve  are  examined.) 
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Figure  16.2.  Immunofluorescence  micrograph  of  cryosection  through  chick  thigh  muscle,  il¬ 
lustrating  intense  staining  of  the  axons  in  a  peripheral  nerve  bundle  (N)  and  variable  staining  of 
muscle  fibers  with  monoclonal  antibody-24  and  fluorescein-labeled  second  antibody.  Magnifica¬ 
tion  bar  =  2(1  fim.  (From  ref.  4.) 


We  have  further  examined  the  matter  of  spatial  distribution  of  Na1  ,K  +  - 
ATPase  on  neurons  by  studying  spinal  cord  and  dorsal  root  ganglion  neurons 
growing  in  tissue  culture.  Dissociated  cells  plated  on  a  substratum  of  colla¬ 
gen  were  examined  by  autoradiography  after  labeling  the  Na+  ,K  +  -ATPase 
with  iodinated  antibody,  and  a  very  high  level  of  Na+  .K^-ATPase  was  seen 
on  neurons  as  compared  with  cells  lacking  a  neuronal  morphology  (4).  To 
observe  the  distribution  on  single  growing  neurons,  dorsal  root  ganglion  cells 
were  plated  at  low  density  on  polylysine-coated  cover  slips  and  grown  for 
about  20  h.  Then  the  cells  were  labeled  with  fluorescein-conjugated  mono¬ 
clonal  antibody  to  the  Na*  ,K  f-ATPase  and  the  cells  examined  in  the  fluores¬ 
cence  microscope.  Figure  16.4  illustrates  typical  appearance  of  embryonic 
neurons  sending  out  processes  in  culture.  Every  portion  of  the  cell  surface  is 
labeled,  suggesting  that  there  is  no  preferential  localization  of  the  Na+,K+- 
ATPase  on  the  growing  neurons. 

The  growth  cones  are  well  endowed  with  Na’  .K'-ATPase.  As  indicated 
below,  the  Na*  ,K  f-ATPase  seems  to  be  mobile  in  the  plasma  membrane. 
Thus  the  Na+,K4-ATPase  could  arrive  at  growth  cones  by  diffusion  from 
adjacent  plasma  membrane  or  could  be  inserted  directly  into  the  growth 
cone  during  expansion  of  membrane  surface  area.  This  is  a  question  we 
approached  several  years  ago.  looking  at  the  incorporation  of  new  a- 
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Figure  16.3.  Immunofluorescent  staining  of  a  Node  of  Ranvier  in  an  isolated  myelinated  nerve 
liber  from  chicken  sciatic  nerve  with  fluorescein-labeled  monoclonal  antibody-24.  (A )  Phase 
micrograph.  (B)  fluorescence  micrograph,  and  (C)  combined  phase  and  fluorescence.  Lack  of 
labeling  of  internodal  axolemmal  Na'.K’-ATPase  by  the  fluorescent  antibody  is  due  to  failure 
of  the  antibody  to  gain  access  to  the  internodal  extra-axolemmal  space.  Magnification  bar  = 

10  ptm. 


bungarotoxin  receptors  into  plasma  membrane  of  cultured  sympathetic  gan¬ 
glion  neurons  (I).  Monoclonal  antibody-24  is  a  much  better  ligand  than  was 
a-bungarotoxin  for  such  studies:  it  does  not  block  function,  has  much  higher 
avidity  for  its  binding  site,  and  can  be  fiuorescently  labeled  to  a  much  higher 
specific  activity.  We  plan  to  examine  this  question  of  insertion  sites  by  use  of 
double  fluorescent  labeling  strategies  and  photobleach-recovery  measure¬ 
ments. 

Our  impression  from  examination  of  immunofluorescent-labeled  cryosec- 
tions  of  neuronal  tissue  is  that  there  is  a  fairly  uniformly  high  level  of 
Naf,K  f-ATPase  present  on  all  parts  of  all  neurons.  These  observations 
suggest  to  us  the  possibility  that  regulation  of  the  Na*  ,K  +  -ATPase  in  neu¬ 
rons  may  be  a  different  phenomenon  than  it  is  in  some  other  cell  types.  It 
seems  possible  that  the  high  level  of  Na\K+-ATPase  in  neurons  signifies 
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Figure  16.4.  Live  neurons  labeled  with  fluorescein-conjugated  monoclonal  antibody-24  during 
the  outgrowth  of  neurites  in  tissue  culture.  Cells  from  dorsal  root  ganglia  were  dissociated  by 
trypsinization  and  plated  on  polylysine-coated  cover  slips  and  grown  in  Eagle’s  minimal  essen¬ 
tial  medium  supplemented  with  2%  embryo  extract  and  10%  horse  serum.  Immunofluorescent 
labeling  of  unfixed  cultures  was  performed  about  20  h  later.  Magnification  bar  =  20  /im. 


constitutive  expression  of  the  Na+,K+-ATPase  at  a  level  sufficient  to  meet 
maximal  demands  of  the  neuronal  cells.  Considering  the  distinctive  geome¬ 
try  of  many  neurons,  with  processes  extending  for  many  thousands  of  cell 
body  diameters  and  most  of  the  influx  of  sodium  ions  occurring  in  these 
processes,  it  may  be  that  regulation  of  the  number  of  Na+,K  +  -ATPase  mole¬ 
cules  in  these  cells  cannot  be  effected  by  modulation  of  biosynthesis  and 
degradation  of  the  Na+,K  + -ATPase  on  a  fast  enough  timecourse  to  be  of  use 
to  the  neurons.  This  matter  merits  attention,  particularly  in  light  of  evidence 
that  up-regulation  of  the  NaMC*- ATPase  in  Hela  cells  is  accomplished  by 
an  inhibition  of  degradation  (11).  There  is  essentially  no  information  on 
mechanisms  of  turnover  of  axolemmal  membrane  proteins,  and  therefore 
such  an  exploration  of  regulation  of  the  metabolism  of  the  Na+,K  +  -ATPase 
in  neurons  should  yield  fundamental  information  about  this  process. 


3.  STUDIES  ON  THE  Na+,K+ -ATPASE  OF 
SKELETAL  MUSCLE 

3.1.  Expression  of  the  Na+,K  + -ATPase  during  Myogenesis 

Myogenesis  involves  proliferation  of  myoblasts  and  fusion  of  these  to  form 
multinucleate  cells  termed  myotubes.  Biosynthesis  of  contractile  proteins 
specific  for  skeletal  muscle  fibers  begins  at  about  the  time  myoblasts  end 
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their  proliferative  activity  and  commit  to  cell  fusion,  whether  or  not  fusion 
occurs.  This  is  also  true  for  the  muscle  specific  membrane  protein,  the 
acetylcholine  receptor.  In  the  case  of  the  Naf,K  +  -ATPase  there  is,  of 
course,  a  need  for  its  ion  translocation  function  in  all  cells,  and  thus  prolifer¬ 
ating  myoblasts  must  contain  a  reasonable  number  of  Na+,Kf-ATPase  mole¬ 
cules.  However,  there  is  a  substantial  rise  in  level  of  Na+,K +- ATPase  during 
myogenesis,  resulting  in  a  particularly  high  level  of  this  enzyme,  as  recog¬ 
nized  by  our  monoclonal  antibodies,  in  adult  muscle  (see  below.)  Formerly 
we  used  monoclonal  antibody-24  metabolically  labeled  by  growth  of  hybri- 
doma-24  in  culture  medium  containing  |,5S|methionine  to  measure  binding 
sites  on  myotubes  in  culture.  Recently  we  obtained  a  new  hybridoma  line 
from  Dr.  Thomas  Easton  that  we  found  to  produce  a  monoclonal  antibody 
that  binds  to  the  same  site  on  the  Na+,K  +  -ATPase  as  does  monoclonal 
antibody-24.  This  new  antibody  is  of  lower  affinity  than  antibody-24  but  has 
the  advantage  that  it  can  be  iodinated  without  loss  of  activity.  Thus  we  have 
used  [l25I]-labeled  Easton  antibody  for  measuring  number  of  binding  sites  in 
myogenic  cells  (Fig.  16.5).  Binding  sights  are  expressed  on  a  per  nucleus 
basis,  for  there  are  many  nuclei  per  myotube.  The  relation  between  nuclei 
and  surface  area  of  myogenic  cells  has  not  been  worked  out  and  is  definitely 


Figure  16.5.  The  appearance  of  Na+,K*-ATPase  on  the  cell  surface  during  myogenesis  in 
tissue  culture.  Triplicate  cultures  were  incubated  at  2()°C  for  60  min  in  HEPES-buffered  Eagle's 
minimal  essential  medium  supplemented  with  4rA  chicken  serum  and  I09f  horse  serum  and 
containing  |l:'l|-labeled  Easton  antibody  (5  ug/ml).  Nonspecific  binding  was  determined  by 
inclusion  of  50-fold  excess  unlabeled  antibody  in  the  binding  medium.  Unbound  antibody  was 
removed  by  washing  cultures  in  Hank's  balanced  salt  solution  supplemented  with  0.1  r/r  bovine 
serum  albumin  and  precooled  to  4°C\  Muscle  cells  were  extracted  in  1.0  N  NaOH.  and  the 
radioactivity  was  quantified  by  scintillation  spectrometry.  Identical  cultures  were  Giemsa 
stained,  and  the  numbers  of  myonuclei  were  calculated  from  observation  of  15  grid  fields 
examined  at  x  250  magnification.  In  these  myogenic  cultures  the  starting  myoblasts  (from 
1 1 -day  chick  embryos)  were  mechanically  dissociated  to  single  cells.  These  were  grown  on  colla¬ 
gen-coated  tissue  culture  dishes  and  generally  went  through  one  or  two  cycles  of  cell  division  in 
culture  during  the  first  4X  hours  before  the  onset  of  fusion  and  differentiation  into  muscle. 
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subject  to  a  fair  degree  of  variation  depending  upon  tissue  culture  condi¬ 
tions.  However,  these  measurements  of  Na  *  ,K  * -ATPase  molecules  per  nu¬ 
cleus  indicate  the  trend  toward  increased  numbers  of  sites  per  unit  area  of 
membrane,  which  is  evident  in  immunofluorescent-labeling  experiments 
also. 


3J2.  Regulation  of  the  Na  ‘  ,K '  -ATPase  in  Myogenic  Cells 

Another  noteworthy  fact  about  myotubes  in  cell  culture  is  that  there  is 
considerable  variation  in  the  density  of  Na' ,K* -ATPase  sites  from  one 
myotube  to  the  next.  This  variation  may  be  related  to  variation  in  physiologi¬ 
cal  maturity  of  the  myotubes  and/or  in  patterns  of  spontaneous  contractile 
activity  of  the  myotubes  in  culture.  Our  interest  in  this  matter  is  sparked  by 
our  observations  that  a  similar  variation  in  number  of  Na+,K+-ATPase  mole¬ 
cules  per  muscle  fiber  occurs  in  adult  skeletal  muscle  (4,  and  see  below). 

Myotubes  in  culture  evidence  up-regulation  of  their  Na^  ,K  +  -ATPase.  We 
used  the  strategy  employed  much  earlier  in  studies  of  up-regulation  of  the 
Naf ,Kf-ATPase  in  Hela  cells  (II,  17)  to  observe  a  similar  up-regulation  in 
cultured  chick  myotubes.  Some  myogenic  cultures  were  switched  to  a  me¬ 
dium  containing  0.5  mM  potassium  ions  instead  of  the  regular  5.0  mM,  while 
companion  cultures  were  switched  to  the  same  medium  supplemented  with 
potassium  ions  to  the  regular  level.  After  16  to  20  h  the  numbers  of  Na+,K+- 
ATPase  molecules  in  these  cultures  were  determined  in  binding  studies  with 
radioactively  tagged  monoclonal  antibody.  Although  there  was  considerable 
variation  between  experiments,  the  cells  stressed  in  low-potassium  medium 
possessed  significantly  more  Na  +  ,K  *-ATPase  per  myotube  nucleus  than  did 
control  cells,  the  average  up-regulation  being  about  30%  in  a  large  number  of 
experiments.  An  extended  analysis  of  the  mechanism  of  up-regulation  in 
skeletal  muscle  is  planned.  In  this  system  there  are  voltage-sensitive  sodium 
channels  in  the  plasma  membranes  that  can  be  opened  by  veratridine  and 
closed  by  tetrodotoxin  and  thus  can  be  used  to  modulate  the  entry  of  sodium 
into  the  myotubes.  This  strategy  for  modulating  intracellular  sodium  concen¬ 
tration  adds  extra  attraction  to  the  system.  The  other  major  attraction  of 
tissue  culture  systems  is  the  ease  with  which  metabolic  studies  can  be  done. 
In  this  particular  case  the  availability  of  monoclonal  antibodies  to  the 
Na\K  '-ATPase  makes  possible  a  quantitative  analysis  of  rates  of  biosyn¬ 
thesis  and  degradation  of  the  Na\K  +  - ATPase  and  also  measurements  of 
numbers  of  molecules  in  the  plasma  membrane  and  in  internal  membrane 
systems  of  the  myotubes.  Thus  we  should  be  able  to  test  all  possible  formal 
mechanisms  of  up-regulation:  increased  biosynthetic  rate,  decreased  degra¬ 
dation  rate,  redistribution  of  molecules  from  an  internal  compartment  to  the 
plasma  membrane,  and  revelation  of  masked  molecules  independent  of  bio¬ 
synthesis.  Toward  this  end  we  have  begun  a  study  of  metabolism  of  the 
Na\K*-ATPase  in  muscle  cultures  that  has  yielded  somewhat  unexpected 
information  on  the  biosynthesis  and  assembly  of  the  Na'.K'-ATPase. 
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3.3.  Biosynthesis,  Assembly,  and  Turnover  of  the 
Na\K+ -ATPase 

We  have  used  monoclonal  antibody-24  covalently  coupled  to  Sepharose 
beads  (24-immunobeads)  for  quantitative  precipitation  and  recovery  of  the 
Na* ,K '-ATPase  from  cultured  myotubes,  and  we  have  used  pulse  and 
pulse-chase  labeling  strategies  with  |,5S]methionine  followed  by  analysis  of 
the  labeled  Na+,K '-ATPase  with  SDS-polyacrylamide  gel  electrophoresis 
and  fluorography  for  obtaining  data  on  metabolism  of  the  N  a +,K+- ATPase. 

When  myotubes  are  labeled  for  an  extended  period  with  |35S]methionine, 
the  Na',K+-ATPase  is  found  to  consist  of  two  major  labeled  subunits  with 
apparent  molecular  weights  105,000  and  47,000.  We  determined  that  im- 
munoprecipitation  of  the  two  subunits  with  monoclonal  antibody  (which 
should  bind  to  only  one)  was  because  the  subunits  were  bound  together  in  a 
stoichiometric  complex  in  the  detergent-solubilized  state  (4).  There  is  no 
evidence  for  any  homology  between  the  a  and  f3  subunits  of  the  Na+,K'- 
ATPase,  and  it  is  reasonable  to  assume  that  the  monoclonal  antibody  binds 
either  to  an  epitope  on  one  of  the  two  subunits  or  to  some  feature  of  the 
molecule  generated  by  interacting  a  and  subunits.  In  either  case,  the 
coprecipitation  of  subunits  by  monoclonal  antibody  can  be  used  as  an  opera¬ 
tional  definition  of  subunit  assembly  (3). 

Having  a  method  for  determining  that  the  subunits  are  assembled,  we 
analyzed  pulse  and  pulse-chase  labeled  Na+,K+-ATPase.  We  found  that  the 
antibody  would  precipitate  stoichiometric  complexes  of  subunits  from  cells 
pulse-labeled  for  as  little  as  5  min.  In  pulse  and  pulse-chase  analysis  on  a 
short  time  scale  we  found  that  the  a  subunit  did  not  change  in  apparent 
molecular  weight  during  the  chase  period,  suggesting  the  lack  of  significant 
mass  of  carbohydrate  addition  to  this  subunit.  The  /3  subunit  underwent  a 
series  of  three  rapid  step  changes  in  apparent  molecular  weight  from  the 
polypeptide  size  of  about  32,000  daltons  to  a  relatively  stable  intermediate 
with  apparent  molecular  weight  40,000  (Fig.  16.6a).  This  intermediate, 
which  could  be  converted  back  to  a  32,000  form  by  endoglycosidase  H 
digestion  and  thus  is  a  glycosylation  intermediate  with  high  mannose  oligo¬ 
saccharide  additions  (Fig.  16.66),  was  more  slowly  converted  to  the  mature, 
47,000  molecular  weight  form  (Fig.  16.6a),  which  was  resistant  to  endogly¬ 
cosidase  H  and  thus  contained  complex  carbohydrates.  During  these  con¬ 
versions  of  the  (3  subunit,  the  ratio  of  radioactivity  in  the  a  subunit  compared 
to  that  in  the  (3  remained  constant.  Thus  we  conclude  that  assembly  of 
subunits  is  virtually  immediate  upon  completion  of  polypeptide  chain  elon¬ 
gation  and  can  even  precede  the  addition  of  core  oligosaccharides  to  the  (3 
subunit  (3). 

Further  analysis  of  the  assembly  process  suggests  that  incorporation  of 
radioactivity  into  Na+,K+-ATPase  subunits  occurs  chiefly  during  the  pulse 
period,  with  little  additional  accumulation  of  radioactivity  in  the  chase  pe¬ 
riod  (3).  This,  together  with  the  constant  ratio  of  label  in  a  as  compared  to  /3 
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Figure  16.6.  Data  on  the  biosynthesis  and  assembly  of  Na+,K+-ATPase  in  myogenic  cell 
cultures.  Autoradiographs  of  SDS-polyacrylamide  gelelectrophoretograms.  («)  Na+.K*-ATPase 
isolated  by  24-immunobead  precipitation  from  extracts  of  myotubes  pulse  labeled  for  10  min 
under  normal  growth  conditions  with  I'^Slmethionine  and  then  chased  for  0.  40.  and  Ml  min  in 
medium  with  unlabeled  methionine  (chase  times  indicated  above  appropriate  lanes.)  The  a 
subunit  does  not  shift  in  apparent  molecular  weight  during  the  pulse-chase  period,  while  the  (i 
subunit  undergoes  a  series  of  changes  in  apparent  molecular  weight  due  to  glycosylations.  ( h ) 
Effect  of  endoglycosidase  H  on  Na+,K*-ATPase  subunits.  "S-labeled  Na*.K+-ATPase-con- 
taining  fi  subunit  forms  with  apparent  molecular  weights  40,000  and  47.000  was  subjected  to 
digestion  by  endoglycosidase  H  (right  lane),  resulting  in  removal  of  the  high-mannose  oligosac¬ 
charides  from  the  40,000  dalton  /3  subunit  to  reduce  its  apparent  molecular  weight  to  about 
32,000.  The  mature  47,000-dalton  form  was  unaffected.  (From  ref.  3.  with  permission.) 


subunit,  suggests  that  there  is  not  a  significant  pool  of  unassembled  a  and/or 
f3  subunits  that  later  are  assembled  into  antigenic  complexes  of  Na+,K+- 
ATPase.  Rather,  the  data  are  readily  explained  in  terms  of  rapid  association 
of  a  and  /3  subunits  into  stoichiometric  complexes.  This  conclusion  appears 
contradictory  to  suggestions  that  there  are  physically  separated  cytoplasmic 
sites  for  synthesis  of  a  and  /3  subunits,  with  the  a  subunits  synthesized  on 
free  polysomes  later  uniting  with  (3  subunits,  synthesized  on  rough  endoplas¬ 
mic  reticulum,  to  form  Na+,K+-ATPase  molecules  (13).  Although  our  data 
do  not  rule  out  separate  sites  of  synthesis  of  the  two  subunits,  they  do 
suggest  a  degree  of  coordination  in  the  biosynthesis-assembly  process  not 
apparent  from  studies  of  biosynthesis  of  individual  polypeptides  by  poly¬ 
somes. 

As  a  first  step  toward  examination  of  the  mechanism  of  up-regulation  in 
skeletal  muscle  we  have  measured  the  turnover  rate  of  pulse-labeled 
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Na*  ,K’-ATPase  in  tissue  cultured  myotubes  under  normal  culture  condi¬ 
tions.  The  loss  of  label  from  the  Na '  ,K 1 -ATPase  after  pulse  labeling  with 
PsS]methionine  occurred  as  a  first-order  exponential  process  with  a  half¬ 
time  of  about  20  h.  This  is  very  much  slower  than  the  turnover  rate  reported 
for  HeLa  cells  (II).  We  have  not  yet  measured  the  turnover  rate  during  up- 
regulation.  but  we  calculate  that  turnover  would  have  to  be  inhibited  to  a 
very  large  extent  if  inhibition  of  turnover  were  the  sole  mechanism  involved 
in  up-regulation  in  the  myogenic  cells. 

3.4.  Regulation  of  the  Na  ‘  ,K  ‘  -ATPase  in  Adult  Skeletal  Muscle 

It  is  evident  in  Fig.  16.2  that  the  intensity  of  immunofluorescent  labeling  of 
different  muscle  fibers  within  a  single  muscle  is  quite  variable.  The  “check¬ 
erboard”  pattern  of  labeling  intensity  illustrated  in  Fig.  16.2  is  reminiscent  of 
the  distribution  of  fiber  types  within  muscles.  To  investigate  the  possible 
relation  of  various  levels  of  Na\K4  -ATPase  to  fiber  types  in  chick  skeletal 
muscles,  we  have  begun  a  study  in  which  serial  cryosections  of  skeletal 
muscles  are  stained  by  established  histochemical  methods  to  reveal  differ¬ 
ences  in  stability  of  different  fiber-type  myosin  ATPases  at  extremes  of  pH 
(5)  or  are  labeled  by  fluorescent  antibody  to  reveal  the  distribution  of 
Na4,K  "-ATPase.  Then  the  sections  are  photographed  and  the  photographs 
aligned.  Such  alignments  demonstrate  unequivocally  that  the  fiber  types 
defined  by  classical  staining  methods  are  also  differentially  endowed  with 
Na4,K 4 -ATPase  as  revealed  with  fluorescent  antibody  (Fig.  16.7). 

The  different  levels  of  Na4,K4  -ATPase  in  different  muscle  fiber  types 
suggests  that  up-  and  down-regulation  of  the  Na4  ,K  "-ATPase  in  skeletal 
muscle  may  occur.  This  suggestion  contrasts  with  the  apparent  lack  of  up- 
regulation  of  the  Na"  ,K"-ATPase  in  skeletal  muscles  in  the  studies  of 
Clausen  and  colleagues  (2,  10),  who  have  shown  a  generally  lower  level  of 
Na",K" -ATPase  in  skeletal  muscles  of  mammals  stressed  by  a  low-potas¬ 
sium-ion  diet.  The  correlation  of  Na4  ,K4-ATPase  level  with  muscle  fiber 
type  suggests  that  there  is  congruence  between  level  of  Na+  ,K+-ATPase  and 
physiological  demand  for  sodium  and  potassium  ion  transport  in  individual 
muscle  fibers.  This  situation  would  appear  to  fit  well  with  our  understanding 
of  the  motor  unit  structure  of  skeletal  muscles.  Within  the  muscle  mass  there 
are  some  muscle  fibers  that  are  almost  continuously  active  and  set  the  tone 
of  the  muscle  and  thus  largely  determine  the  role  of  the  muscle  in  mainte¬ 
nance  of  posture.  Other  muscle  fibers,  innervated  by  different  motor  neu¬ 
rons,  are  recruited  when  the  muscle  is  called  upon  to  exert  additional  force, 
and  some  muscle  fibers,  innervated  by  yet  other  motor  neurons,  are  acti¬ 
vated  only  when  maximal  or  near  maximal  force  generation  is  required  for 
short  periods  of  time.  The  more  continuously  active  muscle  fibers  generally 
have  slower  twitch  speeds,  express  some  different  genes  for  contractile 
proteins  than  the  other  fibers,  and  have  other  biochemical  and  structure 
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Figure  16.7.  Correlation  of  the  levels  of  Na'.K ‘-ATPase  with  muscle  fiber  types  in  chicken 
sartorius  muscle.  Serial  transverse  cryosections  were  stained  for  actomyosin  ATPase  (A,  B)  or 
binding  of  monoclonal  antibody-24  to  the  Na‘,K*-ATPase  (C).  Actomyosin  ATPase  activity  in 
fast  muscle  fibers  is  acid  labile,  while  that  of  slow  muscle  fibers  is  acid  stable.  Sections  were 
preincubated  at  pH  4.35  for  30  min  (A )  for  15  min  (6)  before  staining.  Section  in  (C)  was  stained 
with  monoclonal  antibody-24  followed  by  fluorescein-labeled  second  antibody.  Note  that  two 
types  of  fast  fibers  can  be  distinguished  by  their  differential  sensitivity  to  acid  preincubation  {B ). 
Slow  fibers  (staining  dark  in  A  and  B)  contain  the  lowest  levels  of  Na‘,K+-ATPase  or  their 
surfaces  and  internal  (t-tubule)  membranes.  The  fast  fibers  with  the  greater  sensitivity  to  acid 
pH  contain  the  highest  levels  of  Na‘,K‘-ATPase,  whereas  the  more  resistant  class  contains  an 
intermediate  level.  Magnification  bar  =  20  /cm. 


features  that  distinguish  them  as  slow  fibers.  The  less  continuously  active 
fibers  can  likewise  be  subdivided  into  types  based  upon  similar  parameters. 

In  the  muscle  illustrated  in  Fig.  16.7,  three  fiber  types  are  distinguished  by 
differences  in  stability  of  myosin  ATPases  to  acidic  pH.  It  is  reasonable  to 
expect  that  the  very  different  roles  played  by  different  types  of  muscle  fibers 
in  muscle  activity  would  require  different  capacities  for  ion  transport  by  way 
of  the  Na\Kf-ATPase.  It  is  possible  that  these  variations  in  capacity  are 
totally  determined  by  genetically  fixed  levels  of  expression  of  the  Na+,K+- 
ATPase.  However,  it  remains  equally  possible  that  in  addition  to  some  basal 
level  of  Na+,Kt-ATPase  there  is  a  modulated  component  to  the  muscle 
fiber’s  Na+,Kf-ATPase,  and  that  this  modulated  component  is  responsible 
for  much  of  the  fiber  type  variation  we  see.  According  to  this  hypothesis,  we 
expect  that  the  different  levels  of  Na\K+- ATPase  seen  in  different  muscle 
fibers  indicate  different  levels  of  demand  for  ion  transport  that  have  existed 
in  the  muscle  over  the  past  several  days.  This  leads  to  the  prediction  that 
experimentally  altered  patterns  of  muscle  activity  would  lead  to  altered 
levels  of  Na+,K  + -ATPase.  We  plan  to  test  this  hypothesis  by  examining  the 
levels  of  Na\K+-ATPase  in  normal  versus  tenotomized  or  denervated  or  by 
other  means  inactivated  muscles  and  in  muscles  subjected  to  controlled 
regimes  of  activity. 


278 


DEVELOPMENT  AND  REGULATION  OF  AVIAN  Na1  ,K 4 -ATPase 


3.5.  Correlation  of  the  IMa+,K+ -ATPase  and 
Intramembrane  Particles 

When  living  chick  myotubes  in  tissue  culture  are  labeled  with  fluorescein- 
conjugated  monoclonal  antibody-24,  an  ubiquitous  distribution  of  Na+,K+- 
ATPase  on  the  myotube  surfaces  is  seen  (Fig.  16.8/4).  This  generalized  pat¬ 
tern  of  fluorescence  can  be  altered  to  a  pattern  of  small  patches  (Fig.  16.8#) 
by  incubating  the  fluorescent-labeled  myotubes  with  an  antibody  directed 
against  mouse  IgG.  This  alteration  must  result  from  cross-linking  of  mono¬ 
clonal  antibody  molecules  that  are  bound  to  Na+,K+-ATPase  molecules,  and 
the  formation  of  patches  indicates  that  the  Na+,K+-ATPase  molecules  are  at 
least  somewhat  free  to  move  in  the  plane  of  the  plasma  membrane  lipid 
bilayer.  The  patching  is  prevented  by  prior  fixation  of  the  cells  in  formalde¬ 
hyde  fixative  (9).  The  patched  pattern  is  stable  for  hours  while  the  cells 
continue  to  live  at  37°C.  In  this  respect  this  patching  is  unlike  that  seen  when 
antibodies  to  acetylcholine  receptors  are  used  to  patch  the  receptor  mole¬ 
cules  on  myotubes.  The  receptors  are  rapidly  interiorized  and  are  degraded 
at  a  much  accelerated  rate  after  antibody  cross-linking.  We  have  not  mea¬ 
sured  turnover  of  the  N a +,K+- ATPase  after  antibody  cross-linking,  but  we 
expect  that  an  acceleration  of  turnover  will  not  be  seen.  A  variety  of  control 
experiments  established  that  the  patching  of  Na+,K+-ATPase  molecules  did 
not  sweep  together  other  membrane  antigens  and  that  patching  of  each  of 
three  other  membrane  antigens  with  monoclonal  antibodies  and  antimouse 
IgG  did  not  cause  clustering  of  the  Na+,K+-ATPase. 

We  have  carried  out  a  freeze-fracture  study  of  myotubes  treated  as  de¬ 
scribed  (12).  This  study  revealed  that  the  fluorescent  patches  generated  by 
double  antibody  treatment  were  spatially  congruent  with  clusters  of  intra¬ 
membrane  particles  (IMPs)  seen  in  the  freeze-fracture  replicas  of  the  same 
myotubes  (Fig.  16.9).  The  clustered  particles  represented  up  to  50%  of  the 
IMPs  in  the  replicas,  or  up  to  400  IMPs  per  square  micrometer  of  surface 
membrane.  About  80%  of  the  clustered  particles  were  in  the  P-face  replicas. 
The  distribution  of  particle  diameters  for  the  clustered  particles  was  virtually 
identical  to  the  distribution  of  particle  diameters  for  the  entire  population  of 
IMPs  on  the  myotubes. 

The  correlation  of  IMPs  and  Na+  ,K+-ATPase  may  be  relevant  to  observa¬ 
tions  made  by  Schotland  and  co-workers  (14,  15)  on  the  numbers  of  IMPs  in 
freeze-fracture  replicas  of  normal  and  dystrophic  human  muscle  fibers.  These 
investigators  reported  lower  IMP  densities  for  the  dystrophic  muscles.  Our 
freeze-fracture  study,  identifying  a  large  fraction  of  the  IMPs  as  related  to 
the  Na+,K+-ATPase,  suggests  an  explanation  for  this  difference  in  densities. 
As  discussed  before,  our  observations  on  levels  of  Na+,K+-ATPase  in  cul¬ 
tured  myotubes  and  in  adult  skeletal  muscle  fibers  suggest  the  possibility 
that  the  Na+,K+-ATPase  is  subject  to  up-  and  down-regulation  in  response 
to  the  needs  of  the  muscle  fibers  for  ion  transport.  We  expect  that  normal 
and  dystrophic  muscles  would  be  subject  to  different  patterns  and  degrees  of 
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Figure  16.8.  Fluorescence  micrographs  of  tissue  cultured  chick  myotubes.  illustrating  the 
generalized  distribution  of  Na‘  ,K*-ATPase  molecules  on  a  myotube  surface  labeled  with  fluo¬ 
rescein-conjugated  monoclonal  antibody-24  (A)  and  the  patching  of  these  fluorescent  antigen- 
antibody  complexes  (on  a  different  myotube)  by  subsequent  incubation  with  antimouse  IgG 
serum  iB). 
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Figure  16.9.  Correlation  of  intramembranous  particles  with  the  Na\K*-ATPase  on  tissue 
cultured  chick  myotubes.  (A)  and  (B)  illustrate  a  freeze-fracture  replica  (P-face)  of  a  very  small 
myotube  with  Na\K+-ATPase  molecules  patched  by  double-antibody  labeling.  In  ( B )  the 
patched  areas  are  outlined.  (C)  consists  of  the  inset  map  of  the  same  replica  at  much  lower 
magnification  and  a  fluorescence  micrograph  of  the  same  myotube  made  before  fixation  and 
freeze  fracturing.  The  inset  map  is  aligned  so  that  correspondence  between  mapped  areas  of 
clustered  IMPs  (dark  areas  on  map)  and  fluorescent  patches  of  antibody  bound  to  the  Na*,K*- 
ATPase  should  be  apparent.  (Figure  remade  from  data  in  ref.  12.) 

usage  and  might  represent  somewhat  different  degrees  of  muscle  matura¬ 
tion.  These  differences  we  would  expect  to  be  manifested  in  different  levels 
of  Na  +  ,K ‘-ATPasc,  and  thus  the  replicas  of  the  freeze-fractured  muscle 
biopsies  should  reflect  this  difference  in  different  numbers  of  IMPs. 


4.  EVIDENCE  FOR  MULTIPLE  MOLECULAR  FORMS 
OF  Na + ,K + -ATPASE 

The  ability  of  24-immunobcads  to  precipitate  Na’  ,K  '-ATPa.se  pulse  labeled 
lor  only  a  few  minutes  is  consistent  with  the  observation  that  antibody-24 
can  be  used  to  immunoprecipitate  the  Na'.K'-ATPase  from  cultured 
myotubes  pulse  labeled  with  |1sS)methionine  in  the  presence  of  tunicamycin 
| which  blocks  lipid-linked  oligosaccharide  addition  to  the  f3  subunit  (4)].  In 
both  cases  an  unglycosylated  (3  subunit  form  with  apparent  molecular  weight 
about  32,000  was  seen,  suggesting  that  this  is  the  true  size  of  the  (i  polypep¬ 
tide  in  chicken  muscle.  These  results  also  demonstrate  that  the  monoclonal 
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antibody  recognizes  some  aspect  of  protein  structure  of  the  Na  +  ,K+- 
ATPase,  since  these  immunoprecipitations  were  done  on  material  before 
posttranslationa!  modifications  occurred.  Because  antibody-24  does  not  rec¬ 
ognize  either  subunit  after  denaturation  of  the  Na+,K+-ATPase  and  does  not 
detect  either  subunit  on  protein  blots,  we  are  not  sure  of  which  subunit  is 
recognized  by  the  antibody.  However,  there  is  one  experiment  which  sug¬ 
gests  that  the  antibody  interacts  with  the  /3  subunit.  When  Na\Kf- ATPase 
is  bound  to  24-immunobeads  and  the  beads  are  washed  with  a  mixed  micellar 
detergent  containing  0.1%  SDS  and  0.05%  Triton  X-100,  the  a  subunit 
slowly  dissociates  from  the  beads,  leaving  a  preponderance  of  / 3  subunit  still 
bound.  These  aspects  of  the  binding  of  the  monoclonal  antibodies  to  the 
Na  +  ,Kf-ATPase  become  important  in  interpreting  a  discrepancy  between 
binding  of  antibody  and  ouabain  to  chicken  fibroblasts  and  in  further  inter¬ 
preting  the  immunofluorescence  microscopy  of  chicken  tissues. 

During  our  experiments  to  identify  the  antigen  recognized  by  monoclonal 
antibody-24,  we  were  puzzled  by  the  apparent  lack  of  binding  of  antibody  to 
certain  cell  types  which  we  expected  to  have  a  reasonably  high  level  of 
Na‘ ,K/-ATPase,  such  as  Schwann  cells,  capillary  endothelial  cells,  and 
interstitial  fibroblasts.  Parallel  binding  studies  with  [3H]ouabain  and 
P'Slmethionine-labeled  monoclonal  antibody  showed  that  chick  myotubes  in 
cell  culture  displayed  the  same  number  of  ouabain-binding  sites  and  antigen 
sites  within  experimental  error;  there  were  about  25  times  more  ouabain¬ 
binding  sites  than  antibody  sites  on  cultured  chick  fibroblasts  (4).  This  dis¬ 
crepancy  held  when  we  redid  the  binding  experiments,  defining  specific 
ouabain  binding  as  potassium  ion  inhibitable  binding  rather  than  saturable 
binding. 

This  discrepancy,  together  with  the  strong  evidence  that  monoclonal  anti¬ 
body-24  does  recognize  the  Na+,K+-ATPase  on  neurons,  muscle  fibers,  and 
kidney  cells,  leads  us  to  the  conclusion  that  there  must  be  a  form  of  the 
Na  +  ,K  f-ATPase  cn  fibroblasts  (and  possibly  on  other  cell  types)  that  is  not 
recognized  by  the  antibody.  Since  the  antibody  recognizes  some  aspect  of 
protein  structure  of  the  Na  +  ,K+-ATPase  (see  previous  discussion),  the  pos¬ 
sibility  suggests  itself  that  there  may  be  multiple  forms  of  Na  +  ,K  +  -ATPase 
encoded  in  different  genes.  An  alternate  possibility  that  the  epitope  on  the 
Na*,K  f-ATPase  recognized  by  monoclonal  antibody-24  is  sequestered  in 
certain  cell  types  was  examined  by  making  cryosections  of  muscle  and  ex¬ 
tracting  them  with  various  solutions  in  attempts  to  reveal  latent  sites  on  the 
fibroblasts  and  Schwann  cells,  but  no  latent  sites  were  found  (4).  This  result, 
of  course,  does  not  eliminate  the  possibility. 

Other  evidence  for  multiple  forms  of  the  Na'  ,K  +  -ATPase  has  come  from 
binding  studies  (see,  for  example  ref.  6)  and  from  the  work  of  Sweadner  ( 16), 
which  included  both  binding  data  and  evidence  for  electrophoretically  differ¬ 
ent  a  subunits  of  myelinated  axons  of  the  central  nervous  system  compared 
with  astrocytes  and  with  sympathetic  neurons  grown  in  tissue  culture. 
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The  existence  of  multiple  forms  of  the  Na+,K*-ATPase  will  complicate 
analysis  of  tissue  distributions  and  up-regulation.  It  is  possible  that  some  cell 
types  express  a  mixture  of  forms,  and  it  is  possible  that  they  respond  differ¬ 
ently  to  physiological  signals.  The  problem  may  require  the  use  of  mono¬ 
clonal  antibodies  specific  to  each  form  of  Na+,K+-ATPase.  Solution  to  the 
problem  of  multiple  forms  is  likely  to  come  in  part  from  studies  at  the  nucleic 
acid  level. 
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